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ABSTRACT 
 
DAN GRAUER: Three-Dimensional Applications in Orthodontics 
(Under the direction of Lucia H Cevidanes and William R Proffit) 
 
 Orthodontics as a specialty is going through a technological revolution. During 
the last 10 years there were more new developments in orthodontics than in the 
whole history of the specialty. One of the areas undergoing rapid progress is three-
dimensional (3D) imaging.  
 3D Imaging allows for more precise evaluation of the airway. Patients 
displaying a Skeletal Class II had smaller airway volume while controlling for age, 
gender and size of face. The shape of the airway was different among individual with 
different antero-posterior jaw relationship. Airway volume among patients with 
different vertical jaw relationship displayed great variability.   
 A good understanding of imaging concepts is important for the contemporary 
clinician. Most of the three-dimensional visual information is not liked yet to a clear 
diagnosis and prognosis classification. Visualization, measurement, creation of two-
dimensional (2D) radiographs, segmentation, registration, superimposition and other 
quantitative analysis require specific training and specialized software in order to 
manipulate 3D files. 
 In order to compare the newer 3D images with our current and historical 
databases, it is necessary to emulate 2D radiographs from 3D data. When we 
compared homologous landmark coordinates in digital and synthetic cephalograms, 
 iv 
there was no systematic error. However when both modalities are used in the same 
individual the error of the method could produce clinically significant differences. 
 A second area undergoing rapid progress is orthodontic digital models. These 
are qualitatively and quantitatively similar to conventional dental casts, but offer 
some advantages. One of these advantages is the possibility of register and 
superimpose them in space. The registration of digital orthodontic models to 
represent the patients‘ occlusion, as well as registration of final orthodontic models 
to the planned setup models was reliable.  
 Finally, CAD/CAM technology allows for fabricating orthodontic appliances on 
a setup model of the planned correction. Based on a three-dimensional comparison 
of the planned tooth positions with the final ones, A fully customized lingual 
technique was very accurate in achieving the planned tooth positions in terms of 
translation and rotation.  
 ―Digital orthodontics and digital dentistry have arrived: be part of it‖ 
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CHAPTER 1 
 
TECHNOLOGICAL REVOLUTION IN ORTHODONTICS 
 
 
Orthodontics as a specialty is going through a technological revolution. During 
the last 10 years there were more new developments in orthodontics than in the 
whole history of our specialty; this progress is parallel to the world‘s technological 
evolution. Technological changes include almost all aspects of orthodontic practice, 
research and education; from internet search databases to the public availability of 
information, from better diagnosis tools to appliances completely designed and 
produced by computers, from interactive teaching sessions to distance learning 
applications.   
One of the areas undergoing rapid progress is three-dimensional (3D) 
imaging. These changes have a direct effect on diagnosis, treatment planning, 
knowledge generation, treatment implementation, design and fabrication of 
appliances, communication, marketing, interdisciplinary interaction and education in 
orthodontics.  A search performed with the key words ―Three-Dimensional‖ in the 
American Journal of Orthodontics and Dentofacial Orthopedics, showed that there 
were 25 related articles published in the entire year 2000, and there were 145 
related articles published between January and October 2010. 
New technology and new research create more questions and unknowns. 
Three-dimensional images are impressive in their detail and their ability to show 
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spatial relationships in three-dimensions. However, today we do not have a clear link 
between the morphological findings and our orthodontic diagnosis and prognosis 
systems, which are based on two-dimensional concepts and two-dimensional 
databases. Because of that indications and contraindications of the use of 3D 
images are not clear yet.  Representatives of the American Association of 
Orthodontists and the American Association of Maxillofacial Radiology are working 
on a joint position paper on the appropriate selection of diagnostic images for 
orthodontics1. The paper in chapter 2 assessed the volume and shape of the airway 
(naso and oropharynx) in three dimensions, in an attempt to link these airway 
characteristics to our current diagnosis scheme in terms of facial morphology.   
Technology is usually ahead of the evidence to support it. This happens 
because in a first stage more money is invested in the development of new products 
rather than in validations studies. In a second stage more money is again invested in 
marketing rather than in validation studies.  In orthodontics this translates into a 
practice guided by a sales pitch2. Chapter 3 is an overview of current imaging 
concepts with special emphasis on the evidence available to support claims and 
philosophies. For each concept a literature review was conducted and the basics are 
described. Further research directions are also outlined. 
The advent of 3D technology creates the need for normative data. For ethical 
and legal reasons the use of radiation in untreated individuals (i.e. those who will not 
benefit individually) in order to generate growth databases is not longer available. 
Because of that, it is not likely that we will generate normative data in three 
dimensions. It makes sense then to compare the data generated with these new 
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modalities with historical growth databases3. Three-dimensional images allow for 
extraction of simulated two-dimensional images. In chapter 4 the position of 
landmarks in conventional two-dimensional cephalograms is compared with the 
position of landmarks on Cone-Beam CT generated cephalograms. A method for 
calculation of error while measuring distances between landmarks in sequential 
cephalograms belonging to different modalities is also presented.  
 Three-dimensional imaging in orthodontics also includes surface-type images 
generated with scanners or 3D cameras. Research in this area is conducted at 
universities and at the development laboratories of various companies. Working with 
scanned surfaces requires specific software packages for visualization, 
measurement, orientation, registration, Boolean operations and CAD/CAM 
procedures. Validation studies of these procedures are difficult to publish given that 
they involve a technical background. Chapter 5 is a validation study on two 
procedures. First the reliability of reproducing the occlusion of the dental casts in the 
virtual world was assessed. Upper and lower dental casts were scanned 
independently and in order to reproduce their occlusion in 3D a scan of the dental 
models in occlusion is used as registration surface. Second, the reproducibility of 
registering surface-to-surface the digital models corresponding to the planned 
correction on the digital models obtained at the end of treatment was determined.  
The cutting-edge in customization of delivery of orthodontic treatment is 
CAD/CAM procedures to fabricate orthodontic appliances. 3D imaging and 
technology play a key role in this area. The main three patient-customized treatment 
planning and manufacturing techniques are Insignia, SureSmile and Incognito4-7. In 
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order to validate the use of goal-oriented techniques of this type a method of 
comparing tooth positions in three-dimensions is needed. This method would be 
applied on a sample of consecutively treated patients where we could compare the 
results obtained with the initial planned correction. In Chapter 6 we joined forces with 
Dr. Wiechmann‘s team in Bad Essen, Germany to collect a sample of all patients 
treated between 2008 and 2009. We were also helped by the engineers from 
Geodigm Corporation. A method of assessing discrepancies in tooth position 
between the planned and achieved position is presented; and statistical models 
were created to explain variability in tooth position by demographic, clinical and 
treatment difficulty variables. 
 We hope that these five articles will encourage the reader to be critical with 
new developments. Clinicians and researchers should avoid the acceptance of 
claims that are not supported by evidence. At the conclusion of each chapter we 
highlight future research directions. It is a very exciting time in orthodontics and in 
dentistry. Digital dentistry and digital orthodontics are around the corner.  
―Three-dimensional technology has arrived: be part of it‖.  
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CHAPTER 2 
PHARYNGEAL AIRWAY VOLUME AND SHAPE FROM CONE-BEAM COMPUTED 
TOMOGRAPHY: RELATIONSHIP TO FACIAL MORPHOLOGY 
 
 
ABSTRACT 
 
 Introduction: The aim of this study was to assess the differences in airway 
shape and volume among subjects with various facial patterns. Methods: Cone-
beam computed tomography records of 62 non-growing patients were used to 
evaluate the pharyngeal airway volume (superior and inferior compartments) and 
shape. This was done by using 3-dimensional virtual surface models to calculate 
airway volumes instead of estimates based on linear measurements. Subgroups of 
the sample were determined by anteroposterior jaw relationships and vertical 
proportions. Results: There was a statistically signiﬁcant relationship between the 
volume of the inferior component of the airway and the anteroposterior jaw 
relationship (P = 0.02), and between airway volume and both size of the face and 
sex (P = 0.02, P = 0.01). No differences in airway volumes related to vertical facial 
proportions were found. Skeletal Class II patients often had forward inclination of the 
airway (P < 0.001), whereas skeletal Class III patients had a more vertically oriented 
airway (P = 0.002). Conclusions: Airway volume and shape vary among patients with 
different anteroposterior jaw relationships; airway shape but not volume differs with 
various vertical jaw relationships. The methods developed in this study make it 
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possible to determine the relationship of 3-dimensional pharyngeal airway surface 
models to facial morphology, while controlling for variability in facial size. 
 
BACKGROUND 
 
 Several lines of evidence from cephalometric studies support a link between 
presumed respiratory mode and facial morphology. These include the classic studies 
of mandibular orientation and growth in patients before and after adenoidectomy by 
Linder-Aronson1 and Linder-Aronson et al2 and a case report that documents 
downward-backward rotation in patients with total nasal obstruction.3 More recently, 
Zettergren-Wijk et al4 showed a certain degree of normalization of growth after 
adenoidectomy in a group of obstructive sleep apnea patients. Guray and Karaman,5 
studying a similar group, could not replicate the results of Linder-Aronson and 
concluded that adenoidectomy might change only the breathing mode, without a 
significant effect on malocclusion and facial type. Fields et al, 6 using special 
instrumentation to totally account for the amount of oral vs. nasal airflow in normal 
and long-faced children, showed that the relationship between oral vs. nasal 
breathing and growth in the long-faced pattern is not clear-cut. Long-faced children 
were overrepresented in the group of these subjects with a high percentage of oral 
breathing, but predominantly oral breathing was found in some children with normal 
facial morphology, and some long-faced children had a low percentage of oral 
breathing. The normal and long-faced subjects had similar tidal volumes and 
minimum nasal cross-sectional areas. 
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 Postural relationships of the head, jaws, and tongue are established in the 
first moments after birth as the airway is opened and stabilized, and are altered as 
necessary thereafter to maintain the airway.7 It seems reasonable that the link 
between respiratory mode and the development of malocclusion could be soft-tissue 
pressures against the dentition that might affect tooth eruption, dental arch form, and 
possibly the direction of mandibular and maxillary growth. Solow and Kreiborg8 and 
Solow and Sandham9 formally expressed this view in their ‗‗soft-tissue stretching 
hypothesis.‘‘ A change in jaw posture that led to downward-backward rotation of the 
mandible, or a change in head posture such as head extension, could lead to 
stretching of the lips, cheeks, and musculature. The result would be upright incisors 
and narrower dental arches, which often (but not always) are observed in patients 
with a long-faced and open-bite growth pattern. Solow‘s hypothesis implies that oral 
and pharyngeal soft tissues also would be affected by a change in head, jaw, or 
tongue posture.  
 The value of lateral cephalometric radiographs to evaluate the upper airway is 
limited because they provide 2-dimensional (2D) images of complex 3-dimensional 
(3D) anatomic structures.10 Three-dimensional analyses of the airway volumes and 
shape are required to understand oral and pharyngeal adaptations to varying 
respiratory conditions and proprioceptive stimuli. Aboudara et al11 showed that 
records from cone-beam computedtomography (CBCT) obtained for clinical 
problems such as impacted teeth or temporomandibular disorders now are an 
acceptable way to evaluate pharyngeal soft-tissue relationships and airway volume. 
The goal of this study was to examine the hypothesis that pharynx volumes and 
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shapes differ among the various facial morphologies, controlling for differences of 
facial size.  
 
MATERIAL AND METHODS  
 
 From the records of an oral radiology clinic in Sacramento, California, 62 
patients (ages, 17-46 years) who had CBCT scans of the head along with facial 
photographs and a lateral cephalometric radiograph were selected for this study (Fig 
2.1). None had previous orthognathic surgery, a syndrome diagnosis, or detectable 
pathology along the upper airway through inspection of the images. Age and sex 
characteristics of the subjects, subdivided as outlined below, are shown in Table 2.1 
Age was not statistically signiﬁcantly different between the sexes (P = 0.12).  
 The CBCT images were obtained with and iCAT scanner (Imaging Sciences 
International, Hatﬁeld, Pa) with a single 360  degress rotation, producing 306 basis 
images. All images had a medium or full ﬁeld of view that allowed visualization of 
both the cranial base and the face. Primary and secondary reconstructions of the 
data were performed with the iCAT software, leading to images with an isotropic 
voxel size of 0.3 mm3. Before they were entered into the database for this study, the 
CBCT images were anonymized by an algorithm that removed patient identiﬁers 
from the ﬁles.  
 Anteroposterior (AP) skeletal type (Class I, Class II, or Class III) was 
established initially from visual inspection of the facial photographs and the lateral 
cephalometric radiograph, and conﬁrmed via measurement of overjet, mandibular 
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length, and ANB angle on synthetic lateral and posteroanterior (PA) cephalograms 
created with Dolphin 3D beta (version 2.3, Dolphin Imaging, Chatsworth, Calif).  
 The discrimination process for the vertical groups was based on a bony facial 
index, calculated as the ratio between the bony bizygomatic width divided by the na-
sion-menton distance projected onto an orthogonal coordinate system. The facial 
index values were split into tertiles to establish the vertical groups. Age, sex, and 
distribution of the subjects by AP and vertical groups are shown in Table 2.1.  
 For both the lateral and PA synthetic cephalograms, the head was oriented 
with line 6 degrees down from sella-nasion as the horizontal axis (approximately the 
true horizontal in most people). Whenever this orientation method created an 
unrealistic head posture, the synthetic cephalogram was reoriented according to the 
soft-tissue appearance on the CBCT data. This occurred in 4 of the 62 subjects.  
 The size of the face was established from the PA and lateral synthetic 
cephalograms, as a rectangular prism encompassing the facial bones. This prism 
was constructed as shown in Figure 2.2. As expected, the average size of the face 
was greater in the men than in the women (P < 0.01).  
 To build 3D models of the airways for the 62 subjects, the anonymous CBCT 
data were loaded into InsightSNAP software (version 1.4.0, Cognitica, Philadelphia, 
Pa) that had been adapted at the University of North Carolina by the Neuro-Image 
Analysis Laboratories to allow semiautomatic segmentation of the airway. The 
semiautomatic nature of the segmentation process refers to the 3D growth of the 
level-set geodesic snakes. Although it is mainly automatic, there are 2 interactive 
steps to the segmentation: selection of an initial threshold and placement of initial 
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seed regions.12 The segmentation process is then deﬁned as the construction of 3D 
virtual surface models (called segmentations) by regional growth of the initial seed 
regions to match best the volumetric data. This segmentation method has been 
described, validated, and tested for accuracy, and is superior to the conventional 
slice-by-slice, manual tracing method.12 The limits for segmentation and an example 
of a virtual surface model of the pharyngeal airway are shown in Figure 2.3.  
 Once segmented, the pharyngeal airways were reﬁned to obtain the true 
shape of the airway by eliminating projections that did not belong to the airway and 
then were subdivided into superior and inferior compartments by a plane 
perpendicular to the sagittal plane that included the posterior nasal spine and the 
lower medial border of the ﬁrst cervical vertebra (Fig 2.4). Airway volumes were 
measured in cubic millimeters with the InsightSNAP measuring tool. The reliability of 
the volumetric measurements was assessed on 5 randomly selected subjects 
stratiﬁed on AP grouping criteria. Segmentations were created 3 times for each 
subject, and their volumes were measured. The mean coefﬁcient of variation (COV 5 
SD/mean volume), measured by averaging the COV for each of the 5 subjects, was 
1.9%. This rather low COV value was most likely due to the semiautomatic nature of 
the segmentation procedure, since comparable purely manual segmentations 
normally have larger COVs.12 This COV is more than an order of magnitude smaller 
than the volumetric variability in the groups, and thus the segmentation can be 
judged as reliable and unlikely to introduce signiﬁcant errors.  
 Statistical analysis: Linear regression models were used to assess the re-
lationship between face morphology and airway volume, controlling for age, sex, 
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size of the face, and interaction between size of face and sex. The variable age was 
centered at its average. The reference group for the AP pattern was the Class I 
group, and the middle group of the vertical pattern variable was used as the vertical 
reference group.  
 Bivariate relationships between variables were assessed with the Spearman 
correlation. A partial F test showed that, among all possible interactions of explan-
atory variables, only that between size of face and sex was potentially related to 
airway volume. This interaction was included in the regression model along with the 
covariate and primary main effects.  
 The shape of the airway was analyzed qualitatively by visual inspection and 
frequency count. The orientation of the airway passages viewed from the sagittal 
plane was deﬁned as vertical, average, or forward, based on the inclination of the 
vertical axis of the airway to the horizontal orientation of the head (SN rotated down 
6 degrees). The relative width of the overall airway passage and whether there was 
an indentation into the airway space that coincided with the dorsum of the tongue 
were also recorded. The frequencies of the various airway orientations and the 
indentations into the airway space were compared between groups with the 
Spearman rank correlations.  
 
RESULTS  
 
 The average volume of the pharyngeal airway was 20.3 cm3 (SD, 7.3 cm3), 
with mean volumes of 8.8 cm3 (SD, 2.9 cm3) for the superior component and  11.5 
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cm3 (SD, 4.9 cm3) for the inferior component. Preliminary bivariate analysis showed 
no statistically signiﬁcant relationship between volume of the airway and age or sex. 
The average size of the face was statistically signiﬁcantly larger in the men than in 
the women (P < 0.01). The size of the face was also signiﬁcantly associated with 
total, inferior, and superior airway volumes, with Spearman correlation values of 
0.399 (P < 0.01), 0.368 (P < 0.01), and 0.303 (P = 0.02), respectively. Among the 
covariate variables, size of the face was signiﬁcantly correlated with sex (Spearman 
correlation, –0.668, P < 0.01).  
 Data for measured and adjusted volumes are shown in Table 2.2. The 
adjusted volumes are derived from regression analyses, taking into account age, 
sex, face size, and interaction between face size and sex. The adjustments in most 
groups were small, despite the statistical signiﬁcance of these variables.  
 There was a statistically signiﬁcant difference (P = 0.02) in the volume of the 
inferior component of the airway between the AP groups, after controlling for the ef-
fects of age, sex, size of face, and interaction between size of face and sex (Table 
2.3). From the contrast tests, the mean value for the Class II subjects was 
signiﬁcantly different from Class I (F = 7.97; P < 0.01) and Class III (F = 4.12; P = 
0.05), but there was no difference between Class I and Class III (F = 0.50; P = 0.48). 
There was no signiﬁcant difference (P = 0.26) in the volume of the superior 
component of the airway.  
 There were no signiﬁcant differences in the inferior, superior, and total airway 
volumes among the long, normal, and short groups, after controlling for the effects of 
age, sex, size of face, and interaction between size of face and sex (Table 2.3). 
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There was a statistically significant relationship (P = 0.01) between sex and upper 
airway volume.  
 Quantitative analysis of airway shapes is not available yet for intergroup 
comparison. This type of shape description is an ongoing research project at the 
University of North Carolina. From visual inspection, the following qualitative 
observations were noted.  
 1. The segmentation contours were highly variable in all 3 AP groups.  
2. Subjects with a Class III skeletal pattern had a more vertical orientation of 
the airway in the sagittal plane compared with the other groups, whereas a 
Class II skeletal pattern was associated with a more forward orientation of the 
airway (P < 0.001) (Fig 2.5, A and C). 
3. The postero-superior area of the tongue dorsum was visualized at the 
anterior wall of the airway segmentation as a blunt indentation (Fig 2.5, B and 
C). Skeletal Class II patients had a greater frequency of tongue indentations 
(P = 0.045). The apparent projections of the tongue into the airway at various 
points along the anterior wall of the pharynx show how a 2D view of the 
tongue-pharynx relationship could be misleading. 
4. The plane used to bisect the segmentations from posterior nasal spine to 
the lower medial anterior border of the first cervical vertebra had a more 
horizontal orientation in the skeletal Class III group and was more oblique, 
down toward the posterior aspect in the skeletal Class II group (Fig 2.4). 
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5. The airway passages of the skeletal Class II group were narrower when 
viewed from the coronal plane than in the other 2 groups (Fig 2.5, C), even 
though the difference was not statistically significant.  
  
 Variability was greater among the vertical groups, and differences in shape 
were more difficult to characterize. An extremely narrow airway, both 
anteroposteriorly and coronally, was observed more often in patients in the long-
faced group when compared with patients with normal faces (38% vs 20%). Most 
long-faced patients also had a skeletal AP malocclusion (48% Class II, 38% Class 
III), and often a strong tongue indentation was noted at the anterior wall of the 
airway (Fig 2.5, B and C). 
 
DISCUSSION  
 
 The construction of virtual 3D surface models of the airway by using in-house 
tools differs from the 3D visualization tools allowed by commercial software that 
display the 3D data as projections based on thresholding ﬁlters. In this study, we 
used a volumetric characterization of the pharynx. No linear or angular 
measurements were used. To our knowledge, this is the ﬁrst report of airway 
volumes based on this advanced technique.  
 This study controlled for the following factors.  
1. Airway differences related to growth status. The subjects ranged from 17 to 
46 years of age (average, 24.7 years), so they had already undergone their 
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adolescent growth spurt; thus, it is no surprise that airway volume did not 
correlate with age. To date, there are no 3D longitudinal data on airway 
changes during growth. From 2D cephalometric data, King,13 Bench,14 and, 
later, Tourne´15 described the growth of the bony nasopharynx as mainly ver-
tical, with a slight AP increase early in life and minimal change after the 
growth spurt. It is unlikely that growth contributed to the differences that we 
noted in airway orientation and shape.  
2. Differences in face size. In this study, the size of the face was established 
as a rectangular prism encompassing the facial bones. Because the lines 
used to determine the lengths of the edges of the prism were not 
perpendicular, their projection was transposed into an orthogonal system that 
created the edges of the prism (Fig 2.2). Thus, the size of the face was 
independent of head orientation and face morphology, and, by simple 
trigonometry, the 2D planes could be projected onto an orthogonal coordinate 
system. Pharyngeal airway volumes (total, superior, and inferior) were 
signiﬁcantly if weakly correlated with face size: r = 0.40 (P < 0.01),  
0.37 (P < 0.01), and 0.30 (P = 0.02), respectively. Subjects with larger faces 
would be expected to have larger airway volumes. The means and standard 
deviations for face size in the groups were almost identical.  
3. Male and female composition of the groups. Face size is signiﬁcantly larger 
in men than in women, and, because airway volume is correlated to face size, 
a sex difference would be expected. Martin et al16 reported that 2D 
nasopharyngeal soft-tissue patterns were different in men and women. In an 
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earlier longitudinal study, Linder-Aronson and Leighton17 also found sexual 
dimorphism during growth of the posterior wall of the pharynx. Sexual 
dimorphism between airways was not addressed in our study, but our data 
conﬁrms that airway volumes are signiﬁcantly larger in men. Because we con-
trolled for face size, sex, and interaction between sex and face size, the male-
female composition of our groups should not have affected the differences by 
facial morphology groups that we found.  
 
 There were other potential inﬂuences on airway dimensions and shape. We 
found a signiﬁcant difference in the inferior compartment of the airway volume be-
tween skeletal Class II and Class I and Class III patients (skeletal Class II inferior 
compartment airway volume was smaller, P = 0.02), but there were no signiﬁcant 
differences in airway volume among the long, normal, and short face-height groups. 
Airway orientation and shape differed between the Class II and Class III groups, with 
no difference between the vertical groups. Several factors might have contributed to 
these outcomes.  
 With 62 subjects divided into 3 groups for analysis, the sample size in each 
group was about 20. It is possible that, with larger numbers in each group, other 
differences would have been statistically signiﬁcant. Further studies with larger 
groups are needed. On the other hand, with groups of this size, the differences that 
were statistically signiﬁcant are large enough to be clinically signiﬁcant.  
 Each subject was in both an AP and a vertical group, with the vertical 
grouping created by simply dividing the sample into 3 equal groups by face height. 
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There was a weak relationship between the patients‘ vertical and AP characteristics. 
Many patients with longer faces also were classiﬁed as skeletal Class II or Class III, 
whereas those with shorter faces tended to be classiﬁed as skeletal Class I. Bias 
from this source, however, seems more likely to lead to differences in airway 
volumes between the vertical groups than to conceal differences.  
 Patient positioning and respiration phase during data acquisition are other 
possible factors. Cephalometric studies in the laboratory have shown that, with a 
change in body position from upright to supine, changes in volume and contours 
occur in the upper airway in patients with obstructive sleep apnea and control 
subjects.18 For our study, the iCAT scanner was chosen because the patient sits 
upright during CBCT acquisition. In the other most widely used CBCT scanner, 
NewTom 3 G (Aperio Services, Sarasota, Fla), patients are scanned in a supine 
position. In our view, the upright position is closer to the normal position outside 
sleeping hours and a better starting point for a study of this type. It will be 
interesting, however, to see whether the differences in airway shape between the 2 
positions show different upper and lower airway volumes, and also to determine 
whether the differences in airway shape that we observed in the Class I, Class II, 
and Class III subjects, would be seen in supine CBCT scans.  
 One other aspect of positioning in the iCAT machine that might lead to 
differences in supine vs upright scans is the inﬂuence of the patient‘s chin position 
on head orientation during CBCT acquisition. With the ﬁrst generation of iCAT CBCT 
scanners, the radiology technician positioned the subject with a strap around the 
forehead and a platform for the chin. A more prominent chin could lead to changes 
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in the extension of the head, and a less prominent chin could have the opposite 
effect. The latest iCAT CBCT machines do not have a chin platform, and the head is 
stabilized with a strap around the forehead. During NewTom 3 G scan acquisition, 
patients are supine with their heads on a noncustomized pillow for support. This type 
of positioning is not reproducible for studies in which head orientation must be 
controlled.  
 No attempt was made during CBCT acquisition for our subjects to control for 
respiratory movements (inspiration, resting, exhalation). Lowe et al19 reported 
changes in airway dimensions related to the respiration phase. The acquisition times 
for our iCAT scanner were 20 to 38 seconds; this is too long to ask the patient not to 
breathe during the scan. Newer scanners have reduced the acquisition time to about 
10 seconds, and that allows control of the respiration phase. In this study, volume 
changes during respiration are part of the systematic error, and future investigations 
can determine whether there is a correlation between the physiology of respiration 
and the 3D facial morphology. In our study, no data for body weight and patients‘ 
height were available. It could have been interesting to include these parameters in 
our regression models, and, in future prospective studies, these data will be 
collected.  
 Airway patency is considered to be strongly related to the equilibrium 
between extraluminal tissue pressure and intraluminal pressure. Transmural 
pressure is the difference between intraluminal and extraluminal pressures. When 
transmural pressure is positive, the airway remains patent; it occludes when 
transmural pressure is negative.20 The continuous positive airway pressure machine 
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preserves the patency of the airway by maintaining greater intraluminal pressure 
than extraluminal pressure. A second factor inﬂuencing airway patency is mucosal 
tension; when airways are subjected to tension, their collapsibility decreases.21 
Future research is needed to assess the relationship between the tension of the 
external soft tissues to the tension of the internal soft tissues to establish a 
physiologic connection between these equilibrium mechanisms.  
 Airﬂow demands trigger reﬂex changes in the posture of the head, mandible, 
and tongue. The AP position of the tongue seen in 2D images is closely related to 
oropharyngeal depth. Compared with control children, those with enlarged tonsils 
have an extended posture of the head and an anteroinferior posture of the tongue22 
(shown in cephalometric radiographs by the position of the hyoid bone), and patients 
who underwent mandibular setback have a more inferior position of the hyoid 
bone.23 An association between extended head posture and facial retrognathism 
was reported.24 Stratemann25 recently reported that speciﬁc sites of upper airway 
constriction are associated with speciﬁc patterns of skeletal adaptations of the 
craniofacial complex. This was based on CBCT data from patients with nonextreme 
facial types, and the precise sites and adaptations are still to be characterized.  
 
CONCLUSIONS  
 Three-dimensional images of the airway allow improved evaluation of sites of 
airway obstruction, and further studies are needed to clarify the physiologic re-
sponse to pharyngeal stenosis. Computer software that allows determination of 
volumes from surface contours is more accurate for these research studies. In 
 21 
addition, it already is possible to use the cranial base surface to superimpose 3D 
models for different times in the same patient, so that changes in airway volume and 
orientation relative to this stable reference can be studied before and after surgery 
(Fig 2.6, A).26 New registration methods for growing patients and interpatient 
comparisons have been used in preliminary studies involving surgical and 
orthopedic changes. In the future, these could be applied to airway studies (Fig 2.6, 
B), and we can expect a much better understanding of adaptive changes in the 
airway shape and volume. Head posture, mandibular rotation, hyoid position, and 
patency of the airway are interrelated, and further 3D studies of the airway should 
clarify the relationships.  
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TABLE 2.1 
 
Table 2.1 Sample distribution in terms of age, gender and size of face 
according to the two grouping criteria: vertical and antero-posterior 
Vertical Groups Antero-posterior Groups 
 
Short Average Long I II III 
                                          
(n= 21) (n= 20) (n=21 ) (n= 21) (n= 22) (n=19 ) 
Age       
Mean 
(SD) 
24.54  
(7.36) 
26.00 
(7.88) 
23.55 
(7.42) 
25.16  
(7.63) 
24.83 
(7.61) 
23.97 
(7.57) 
Gender 
      
Female 
12 
(32%) 
13 
(35%) 
12 
(32%) 
14 
(38%) 
14 
(38%) 
9 
(24%) 
Male 
9 
(33%) 
7 
(28%) 
9 
(36%) 
7 
(28%) 
8 
(32%) 
10 
(40%) 
 
 
 
TABLE 2.2 
 
Table 2.2  Unadjusted and Adjusted means of volumetric measurements for the 
each effect of  Vertical and Antero-posterior grouping criteria 
 Total 
Airway 
Volume 
Lower Portion  
Airway Volume 
Upper Portion 
Airway Volume 
 Unadj
usted 
Means 
(mm
3
) 
Adjust
ed  
Means 
(mm
3
)
* 
Unadj
usted 
Means 
(mm
3
) 
Adjust
ed  
Means 
(mm
3
)
* 
95% 
 Confidence 
Interval 
Adjusted 
Means* 
Unadj
usted 
Means 
(mm
3
) 
Adjust
ed  
Means 
(mm
3
)
* 
95%  
Confidence 
Interval 
Adjusted 
Means* 
Vertical Groups 
Short 18641 18714 10724 10784 8835 - 12733 7917 7930 6769 - 9090 
Average 22485 22955 12823 13228 11213 - 15243 9662 9727 8527 - 10927 
Long 20025 19504 11100 10654 8669 - 12639 8925 8850 7668 - 10031 
Antero-posterior Groups 
I 22430 22660 13008 13163 11271 - 15056 9422 9497 8307 - 10687 
II 18049 18170 9289 9399 7540 - 11259 8760 8771 7602 - 9940 
III 20712 20318 12486 12187 10192 - 14182 8226 8131 6878 - 9386 
 
* Adjusted for age, gender, size of face, and the interaction between size of face and 
gender. 
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TABLE 2.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.3 Regression models controlling for age, gender, size of face 
and the interaction between gender and size of face for upper and 
lower airway volumes by antero-posterior and vertical groups. 
Analysis Airway Volume for vertical groups 
 
 Lower Portion Airway Upper Portion Airway 
Source F Value Pr > F F Value Pr > F 
Age 2.96 0.09 0.26 0.62 
Gender 1.52 0.22 5.1   .01* 
Size of Face 4.72   .01* 7.39 <.01* 
Vertical  proportion 2.08 0.13 2.35 0.11 
* significant at the level .05   
Analysis Airway Volume for Antero-posterior groups 
 
 Lower Portion Airway Upper Portion Airway 
Source F Value Pr > F F Value Pr > F 
Age 2.55 0.12 0.17 0.68 
Gender 2.73 0.07 5.07  .01* 
Size of Face 4.57   .02* 7.16 <.01* 
Antero-posterior groups 4.27   .02* 1.25 0.29 
* significant at the level .05   
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FIGURE 2.1 
 
 
 
 
Fig 2.1 Facial morphology reﬂects the underlying skeletal conﬁguration and internal 
soft tissues. The sample was divided into 3 groups according to 2 criteria: A, the AP 
relationship of the jaws, and B, the vertical pattern of the face.  
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FIGURE 2.2 
 
 
 
Fig 2.2 The size of face was established by creating a prism (A) with edges as (B) 
the bizygomatic width, which is parallel to the true horizontal and does not need to 
be projected, (C) the Na-Me distance projected on the y-axis and (D) the Ba-ANS 
distance projected on the z-axis. 
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FIGURE 2.3 
 
 
 
 
Fig 2.3 Segmentation by user-initialized 3D surface evolution (A). Limits for airway 
analysis are: (B, C) anterior, a vertical plane through posterior nasal spine 
perpendicular to the sagittal plane at the lowest border of the vomer; posterior, the 
posterior wall of the pharynx; lateral, the lateral walls of the pharynx, including the 
full extensions of the lateral projections; lower, a plane tangent to the most caudal 
medial projection of the third cervical vertebra perpendicular to the sagittal plane; (C, 
D) upper, the highest point of the nasopharynx, coinciding with the posterior 
choanae and consistent with the anterior limit. 
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FIGURE 2.4 
 
 
 
Fig 2.4 The orientation of the bisecting plane for the superior and inferior airway 
compartments was different between A and B, skeletal Class II, and C and D, 
skeletal Class III; the latter was more horizontal, and the former was more oblique, 
reﬂecting an anatomic difference between these groups. 
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FIGURE 2.5 
 
 
 
Fig 2.5. Different airway shapes of skeletal Class II and Class III subjects, depicting 
a more vertical orientation of the airway in Class III subjects. A and C, This ﬁnding 
was statistically signiﬁcant, P < 0.001. B and D, The differences between subjects in 
the vertical groups are less apparent, with no statistically differences found.  
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FIGURE 2.6 
 
 
 
Fig 2.6 Registration techniques for 3D data adapted for airway study use: A, pre-and 
postmandibular advancement 3D models of the airway registered on the cranial 
base (semiautomatic registration); B, interpatient manual airway registration shows a 
skeletal Class II subject and a skeletal Class I subject.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 3 
WORKING WITH DICOM CRANIOFACIAL IMAGES 
 
ABSTRACT 
 
 The increasing use of cone-beam computed tomography (CBCT) requires 
changes in our diagnosis and treatment planning methods as well as additional 
training. The standard for digital computed tomography images is called digital 
imaging and communications in medicine (DICOM). In this article we discuss the 
following concepts: visualization of CBCT images in orthodontics, measurement in 
CBCT images, creation of 2-dimensional radiographs from DICOM ﬁles, 
segmentation engines and multimodal images, registration and superimposition of 3-
dimensional (3D) images, special applications for quantitative analysis, and 3D 
surgical prediction. CBCT manufacturers and software companies are continually 
working to improve their products to help clinicians diagnose and plan treatment 
using 3D craniofacial images.  
 
BACKGROUND 
 The numbers of clinicians using 3-dimensional (3D) records during diagnosis 
and treatment planning stages are increasing steadily. Cone-beam computed 
tomography (CBCT) scanners are becoming more efﬁcient with reduced acquisition 
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time, and software packages developed to process, manage, and analyze 3D 
images are also undergoing a rapid growth phase. The management of CBCT 
images differs from that of conventional 2-dimensional (2D) images. Most 
orthodontists were trained in the 2D era, and the transition to 3D images requires a 
learning stage. With today‘s hardware and software improvements, the learning 
curve is not as steep, but some basic concepts should be taken into account with 
this new technology.  
 The purpose of this article is to give the clinician some core concepts for 3D 
diagnosis and treatment planning. The current commercial software applications for 
clinical management of craniofacial CBCT images are presented and compared with 
the current standards. The concepts presented here are applicable regardless of the 
constantly changing software applications.  
 
DICOM FILES  
 In the early 1980s, the American College of Radiology and the National 
Electrical Manufacturers Association joined forces to standardize the coding of 
images obtained through computed tomography and magnetic resonance imaging. 
After successive improvements, in 1993, the term digital imaging and 
communications in medicine (DICOM) was adopted.1 A DICOM record consists of 
(1) a DICOMDIR ﬁle, which includes patient information, speciﬁc information about 
image acquisition, and a list of images that correspond to axial slices forming the 3D 
image; and (2) a number of sequentially coded images that correspond to the axial 
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slices. (When those axial slices are combined in the correct order they form the 3D 
image) (Fig 3.1).  
 Once a CBCT scan has been acquired, some basic handling and 
measurements on the data set can be performed with the software provided by the 
manufacturers. CBCT manufacturers also offer the option through their software to 
convert their proprietary formats into an exportable DICOM ﬁle; this is a ﬁrst step in 
managing 3D CBCT information. When ordering a CBCT acquisition through an 
imaging laboratory, this is normally performed at the laboratory, and the patient or 
the clinician is given a compact disk containing the DICOM ﬁle. If the clinician owns 
a CBCT scanner, its software allows for exporting images in DICOM format. Further 
research is needed to validate the process of converting images from a proprietary 
format into DICOM format.  
 The tools for visualization, landmarking, measurement, registration, 
superimposition, and computation of 3D images are different from those used in their 
counterpart 2D images.2 The information obtained through 3D visualization in 
orthodontics has not been completely linked to a diagnostic or prognostic meaning. 
For instance, when we observe a differently shaped mandibular condyle, it does not 
necessarily mean pathology. Further research should establish the links between 
observed morphology, pathology, pathogenesis, and response to treatment.  
 The legal implications of acquiring a CBCT image are also important. More 
information than the conventional diagnostic records is obtained through a full 3D 
image of the head and neck, leading to responsibility and accountability issues 
regarding the diagnosis of pathology outside the region of interest. Whether the 
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orthodontist or a radiologist should be accountable for any pathology beyond the 
region of interest is a current controversy beyond the scope of this article.3  
 
VISUALIZATION OF CBCT IMAGES  
 Among the increasing number of software packages dedicated to managing 
and analyzing DICOM images, we focus on 3 with special emphasis in orthodontics. 
In alphabetical order they are 3dMDvultus software (3dMD, Atlanta, Ga), Dolphin 
Imaging (Dolphin Imaging, Chatsworth, Calif), and InVivoDental (Anatomage, San 
Jose, Calif). There are other software packages and applications (even freeware) 
available to manage DICOM ﬁles.  
 A 3D image is composed of a stack of 2D images or slices. In a similar 
fashion that a 2D image is composed of pixels, a 3D image is composed of voxels. 
Each voxel has a gray-level value based on indirect calculation of the amount of 
radiation absorbed or captured by the charge-coupled device and calculated through 
a ﬁltered-back projection algorithm. Visualization is based on a threshold ﬁlter. This 
ﬁlter assigns a binary value, either transparent or visible, to each voxel based on its 
gray-level value. The user deﬁnes the critical value that splits the voxels into visible 
and invisible. The result is a rendered image on the screen composed of all visible 
voxels.  
 The operator can visualize the data set by looking at the stack of slices or the 
rendered 3D image. Computers can reformat the 3D image, allowing the operator to 
scroll through these 2D images in any direction (Fig 3.1, C). The most common ones 
are sagittal, coronal, and axial. All 3 orthodontic programs allow scrolling through the 
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stack of images. A cursor represented by 2 crossing lines indicates the precise 
localization in virtual space. The data set can also be rotated, panned, or zoomed to 
allow visualization of the region of interest; at any angle, scale, or position, a 
rendered image can be created. Multiple threshold ﬁlters can be applied to the same 
image to distinguish between tissues of different density—eg, soft and hard tissues. 
Transparency can also be applied to allow visualization of hard tissues through the 
soft tissues (Fig 3.2). Clipping tools are also available. These allow for isolation and 
visualization of speciﬁc regions—eg, the mandibular condyles. Dolphin Imaging 
allows for 2 threshold ﬁlters: for hard tissues and soft tissues. Transparency can be 
applied to visualize soft-tissue thickness at various points. InVivoDental allows the 
user to modify the threshold values through preloaded ﬁlters. Additionally, segmen-
tations can be created. The 3dMDvultus software also has threshold ﬁlters, in 
addition to the ability to create segmentations to isolate and deﬁne regions of 
interest (described later).  
 It is crucial to understand that the rendered image is the result of a user-
entered threshold value. The visual perception of the operator deﬁnes what is bone 
and what is soft tissue, and many factors can affect this: contrast of the image, noise 
in the image, individual visual perception and prior knowledge of anatomy among 
others. For a qualitative assessment, these rendered images are appropriate, but, 
for a quantitative assessment, they present many challenges that are discussed in 
the next section.  
 
MEASUREMENT IN CBCT IMAGES  
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 In 2D radiographs, distances and angles are measured between landmarks. 
These landmarks are deﬁned by the superimposition of the projection of different 
structures. This is a property of transmission radiographs. Landmarks can deﬁned as 
an inﬂection point in a curved line, the geometric center of a structure, super-
imposition of projection of different structures, the tip of a structure, or the crossing 
point of 2 planes. Most landmarks cannot be visualized or are difﬁcult to locate on a 
curved surface in a 3D image. There are no clear operational deﬁnitions for speciﬁc 
cephalometric landmarks in the 3 planes of space.4 A second challenge is that the 
rendered image depends on many factors, including contrast of the image, 
movement during acquisition, presence of metal that creates noise, overall signal-to-
noise ratio of the image, and the threshold ﬁlters applied by the operator. Because of 
all these factors, it makes sense that the landmarks should be located in the stack of 
slices rather than in the 3D rendered volume.5  
 Many studies have assessed the accuracy and reliability of measurements on 
CBCT images. Those studies can be classiﬁed based on 2 criteria. The ﬁrst is 
whether they use radiopaque markers or structures of known geometry. This 
classiﬁcation yields 2 groups: when landmark location does not need anatomic 
operational deﬁnitions, and when anatomic deﬁnitions are important, and another 
interexaminer or intraexaminer factor (landmark location) is introduced. The second 
classiﬁcation, applicable to both groups, is based on where the landmarks were 
located. According to this second criterion, 3 groups are established: (1) landmarks 
located in the stack of slices, (2) landmarks located on a segmented surface (more 
later), and (3) landmarks located on the rendered image.  
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 Studies from group 1 report good accuracy regardless of where the 
measurements were made. For most measurements, there were no statistically 
signiﬁcant differences compared with the gold standard (measurements with a 
caliper or structures of known geometry). Some measurements had statistically 
signiﬁcant differences, but those were small and not clinically signiﬁcant.6-11 Studies 
from group 2 report subclinical accuracy when landmarks were located on 
segmentations or in the stack of slices,12,13 but not when they were located on the 
rendered image.14 When all studies are considered regardless of their classiﬁcation, 
reliability in measurements and landmark identiﬁcation in CBCT images was 
reported to be good to very good.5,10,14,15  
 Based on the available evidence, we can conclude that it is more accurate to 
locate landmarks in the stack of slices or on a segmented surface; this is possible in 
all 3 software packages. Landmarks located in the rendered volume must be 
carefully evaluated.  
 
CREATION OF 2D RADIOGRAPHS FROM DICOM FILES  
 Longitudinal growth databases are no longer allowed for ethical reasons, and 
there are no normative data in 3 dimensions. However, available 2D growth da-
tabases can be used to compare with current clinical data.16 To be able to compare 
the new modalities with our current databases, algorithms have been created to 
extract information from the CBCT image and simulate a conventional cephalogram, 
panoramic projection, tomographic image of the temporomandibular joint, and 
posteroanterior cephalogram. Cephalogram registration and superimposition are the 
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most common and efﬁcient ways to quantitatively assess growth and treatment 
changes. All 3 software packages allow for the extraction of synthetic radiographic 
projections. The procedure starts by orienting the patient‘s head image in virtual 
space similarly to what the technician does in a cephalostat (Fig 3.3). The advantage 
of this virtual orientation is the possibility of using a semitransparent image to match 
bilateral structures and obtain the correct head rotation.  
 Measurements performed on CBCT synthetic cephalograms have proven to 
be on average similar to those on conventional cephalograms.17-20 Some statistically 
signiﬁcant differences were found between some measurements, but no clinically 
signiﬁcant differences were found. When both modalities—conventional and CBCT 
synthetic cephalograms—are combined in the same longitudinal study, the 
researcher must account for an increase in landmark error calculation.21  
 For the creation of CBCT synthetic cephalograms, Dolphin Imaging allows the 
user to choose an orthogonal or a perspective projection type, and, with the latter, 
the projection center can be repositioned to match the transporionic axis. Once 
created, many visualization ﬁlters can be applied to the synthetic cephalogram. The 
3 companies are now working to improve the options offered by the cephalogram-
creation module. The creation of CBCT synthetic panoramic radiographs starts by 
delineating the focal trough, its upper and lower limits, and its thickness.  
 
SEGMENTATION ENGINES AND MULTIMODAL IMAGES  
 The segmentation process in medical imaging could be deﬁned as the 
construction of 3D virtual surface models (called segmentations) to best match the 
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volumetric data. There are many different segmentation processes, and this topic is 
beyond the scope of this article. For more information, the reader is referred to the 
study of Yushkevich et al.22 The reader must distinguish between a virtual surface 
and a rendered image. The importance of having a segmentation engine in the 
software package is twofold. First, it allows the user to export anatomic models in a 
nonproprietary format; this information can be used in research and will always be 
accessible regardless of constantly changing soft ware applications. The second 
advantage is the option of loading anatomic models—segmentations—in a non-
proprietary format into the imaging software interface; that allows combining different 
modalities with the CBCT images. An example is combining digital models obtained 
through laser or optical scanners with the CBCT data and soft-tissue meshes 
obtained through 3D cameras. These multimodal images are the foundation of digital 
dentistry, rapid prototyping, and computer-aided design and computer-aided 
manufacturing applications.  
 Currently, InVivoDental offers a segmentation engine that allows the user to 
export anatomic models. Dolphin Imaging allows importing 3D soft-tissue meshes to 
be combined with the CBCT data. The 3dMDvultus software has a segmentation 
engine, which performs segmentations by thresholding and smoothing ﬁlters (Fig 
3.2, C). The 3dMDvultus software also allows for both exporting and importing 
segmentations.  
 
REGISTRATION AND SUPERIMPOSITION OF 3D IMAGES  
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 Traditionally, the best and almost only way to quantitatively assess changes 
in orthodontics was cephalogram superimpositions. Stable structures described by 
Bjork,23 Bjork and Skieller,24-26 and others27 are used as registration and orientation 
landmarks. Changes can be described relative to those reference structures.28 
Registration can be deﬁned as the process of combining 2 or more images from 
different time points, each with its own coordinate system, into a common coordinate 
system. Today, it is possible to register CBCT records acquired at different time 
points and analyze changes due to treatment, growth, aging, and relapse in 3 
dimensions.  
 The 3 software packages can register and superimpose CBCT images from 
different time points in the same virtual space. The procedure differs slightly 
between Dolphin Imaging and InVivoDental and 3dMDvultus software. In the ﬁrst 2 
programs, the process includes 5steps.  
1 The user loads the 2 CBCT images from different time points.  
2 The user inputs homologous landmarks found in both images. Those 
landmarks will be the registration references and must be anatomically 
stable between time points.  
3 Once the landmarks are input, the program computes the best ﬁt 
between the 2 sets of landmarks in each CBCT image. A 
transformation matrix is obtained (rotation and translation). The 
program then relocates 1 CBCT image relative to the other based on 
this transformation matrix, and the result is that both images share the 
same coordinate system.  
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4 Because of the difﬁculty of locating stable landmarks in curved 
surfaces, especially along the cranial base, both programs allow for 
manually reﬁning the registration process until most cranial base 
structures match.  
5 Once the images are registered, the user can evaluate changes in the 
rendered volume with semitransparencies or at the stack of slices. 
Changes can be described relative to the registration landmarks (Fig 
3.4, A, B, C, G, and H).  
 
 The 3dMDvultus software operates in a slightly different manner; the process 
also consists of 5 steps.  
1 The images are loaded into the software interface, and segmentations 
are created.  
2 The user unlocks the rotation and translation parameters of 1 
segmentation.  
3 The user performs an initial manual registration to approximate the 
surfaces as much as possible.  
4 Anatomically stable surfaces must be selected by the user. In this 
case, the registration is surface-based, rather than landmark-based. 
The program performs a surface-to-surface registration to reﬁne the 
initial manual registration.  
5 Once the segmentations are registered, the user can visualize them by 
means of semitransparencies and assess changes in the 
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segmentations, the rendered volume, or the stack of slices. Change 
can be described relative to the registration surfaces (Fig 3.4, D 
through F).  
 We believe the latter registration process offers a more precise registration, 
because it is based on surfaces composed of thousands of landmarks instead of a 
few landmarks selected by the user; however, it still depends on the precision of the 
3D surface models. Researchers at the University of North Carolina have developed 
a registration process that does not depend on the precision of the 3D surface 
models. This process compares voxel by voxel between gray-level CBCT images. 
The region to be compared is deﬁned by the user. A transformation matrix 
(translation and rotation) is computed and applied to a CBCT image.2,29  
 
SPECIAL APPLICATIONS OF QUANTITATIVE ANALYSIS  
 Today, it is easier to analyze the shape and contours of airway passages in 3 
dimensions. All 3 programs have tools to measure airway volume. This will open the 
door to research on airway volume changes with growth, treatment, and pathology. 
InVivoDental allows for segmenting the airway passages and measuring their vol-
umes. Dolphin Imaging has a tool for segmenting the airway and allows for careful 
visual examination of airway contours and shapes. Airway volume can also be cal-
culated (Fig 3.5). The 3dMDvultus software computes airway volume and allows 
visualization of the cross-section images along the airway. This software detects the 
smallest cross-sectional area or airway stenosis. A virtual endoscopy is also a 
feature of this program.  
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 An implant simulation module is offered by InVivo-Dental software. The 
program allows the user to visualize and measure the alveolar bone and sections of 
the dental arch. The operator can then simulate the placement of a dental implant or 
an orthodontic temporary skeletal anchorage device (Fig 3.6, A). The size and man-
ufacturer of the implant are chosen by the operator. The implant and its relationship 
to the bone and neighboring roots can be assessed and measured in both the 3D 
volume view and the arch section slices (Fig 3.6, B and C). The position of the 
implant can be controlled in 3 dimensions. On the left lower corner, a color map 
representing bone density around the implant is shown.  
 Dolphin Imaging allows combining the CBCT data with either a 3D or a 2D 
photograph. The registration is performed by landmark selection. The user locates 
homologous landmarks in both the CBCT volume and the photograph. The program 
then matches those landmarks, registering the 2 records (Fig 3.7).  
 InVivoDental also has this feature. Users or company technicians combine 
the CBCT volume with the photograph. Segmentations of the dental arches from the 
CBCT can also be incorporated into this anatomic model.  
 The 3dMDvultus software uses a surface-to-surface registration process to 
combine CBCT volume with the 3D photograph. The soft tissue must be segmented 
based on the CBCT volume. The photograph is then loaded, approximated, and 
registered.  
 All methods are an approximation of actual anatomic truth. Because the 
CBCT image and the photograph are not taken at the same time, the soft tissue 
extracted from the CBCT data is not exactly the same as the soft tissue obtained 
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through 3D photography. Many variables could be involved: differences in head 
position, muscular tone, movement during CBCT acquisition, and circadian rhythms. 
In the future, we hope that CBCT acquisition will be faster to prevent patient motion 
during acquisition (respiratory movements, deglutition, involuntary movements), and 
that the CBCT and photograph can be taken at the same time and in natural head 
position.  
 
THREE-DIMENSIONAL SURGICAL PREDICTION 
 The 3dMDvultus software released a 3D surgical prediction module. This 
process encompasses 6 steps.  
1 The CBCT volume is loaded, and hard-and soft-tissue segmentations 
are created (Fig 3.8, A).  
2 A 3D photograph could be combined with the CBCT segmentations 
(optional).  
3 Virtual cuts are made to simulate the actual surgical cuts (Fig 3.8, B). 
4 The bone segments are repositioned (translated and rotated) to the 
desired position (Fig 3.8, C). 
5 The program applies soft-tissue algorithms to calculate the soft-tissue 
changes 
6 The user visualizes and measures the changes (Fig 3.8, D and E). 
 These soft-tissue algorithms are based on series of patients before and after 
surgery. Because of the great variability in soft-tissue response to surgical changes 
and the huge amount of data points predicted on the skin surface, a large sample is 
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needed to obtain valid algorithms. It is also important to be consistent during sample 
collection; timing of records acquisition, surgical procedure, patient‘s age, sex, 
ethnicity, and head position are variables that should be controlled for.  
 
CONCLUSIONS  
 The soft-tissue paradigm has paved the road toward 3D diagnosis, treatment 
planning, and computer-aided design and computer-aided manufacturing orthodon-
tics. Because of the advances in both CBCT scanners and software designed to 
manage CBCT data, it is possible to take advantage of CBCT information in a clini-
cal setting. Clinicians should be careful in 2 areas: ﬁrst, most visual information 
gathered with these systems has not been yet linked to a clear diagnosis 
classiﬁcation. Further research is needed in the interpretation of orthodontic 
information from CBCT data. Second, some available tools have not been validated 
yet, and studies to assess accuracy and precision are mandatory before these 
applications become standard. Companies are investing huge amounts of time and 
money to improve their programs, and we as clinicians should use them and give the 
companies feedback; their success affects our patients and our success.  
 This is an extraordinary and interesting time in orthodontics and dentistry; 
digital dentistry is around the corner. In a few years, all specialties will have common 
goals and be able to interact, predict results, and improve their outcomes by taking 
advantage of the virtual patient. We hope that this introductory article will clarify 
some 3D image analysis concepts and encourage the reader to use this fascinating 
technology.  
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FIGURE 3.1 
 
Fig 3.1. Example of a DICOM record: A, DICOMDIR ﬁle (red underline) and 
sequential axial slices; B, an axial slice; C, reformatted stack of slices allows the 
user to scroll in any direction (saggital, coronal, axial). Three-dimensional view of the 
CBCT volume is also available (3dMDvultus Software).  
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FIGURE 3.2 
 
Fig 3.2. Different visualization modes and interfaces of 3 programs: A, Dolphin 
Imaging interface, with thresholding ﬁlters applied to visualize both hard and soft 
tissues, and a semitransparency applied to the soft tissue to visualize the hard tissue 
underneath; B, InVivoDental volume interface, with modiﬁed thresholding ﬁlters 
applied by a preset visualization ‗‗Soft tissue 1 Bone 1‘‘; C, 3dMDvultus software 
interface, with hard-and soft-tissue surface models created (segmentations) and a 
semi-transparency applied to the soft-tissue segmentation.  
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FIGURE 3.3 
 
 
 
Fig 3.3. Creation of synthetic cephalograms: A, unoriented volume; B, oriented to 
obtain the correct head rotation (note the difference between the orbits and 
zygomatic bone); C, once oriented, the cephalogram was generated or has been 
generated (InVivoDental).  
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FIGURE 3.4 
 
 
 
Fig 3.4. Registration and superimposition of sequential CBCT images: A, Dolphin 
Imaging uses a landmark-based registration process that allows the user to 
manually reﬁne the relative position of the CBCT images until, B, stable structures 
are matching. C, Once registered, semitransparency visualization allows the user to 
measure and assess changes. D, The 3dMDvultus software uses a surface-based 
registration process in which the ﬁrst 2 images are manually positioned; E, 
anatomically stable surfaces are selected, and the program reﬁnes the registration 
by matching those surfaces; once registered, changes can be determined. F, 
Surgical outcome assessment—in this case, maxillary advancement, autorotation of 
the mandible and genioplasty—can be measured and visualized in the volumetric 
rendered image and the stack of slices. G and H, Different InVivoDental 
visualizations of the registered volumes.  
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FIGURE 3.5 
 
 
 
Fig 3.5. Airway analysis module by Dolphin Imaging: at the upper right corner, the 
airway passages are segmented by initialization spheres. Both area and volume can 
be calculated. The airway segmentation can be rotated, panned, and zoomed in 
space.  
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FIGURE 3.6 
 
 
 
Fig 3.6. Implant simulation and arch section module in InVivoDental: A, a 
microimplant is virtually placed between the roots of the maxillary right canine and 
ﬁrst premolar; B, cortical bone thickness can be measured as well as total bone; C, 
InVivoDental also allows 3D visualization to assess anatomic relationships. The 
position on the implant can be modiﬁed with 6 degrees of freedom.  
 
FIGURE 3.7 
 
 
Fig 3.7. Matching a 2D picture on the 3D soft-tissue volume: A, homologous 
landmarks are located in the volume and the 2D picture; B, Dolphin Imaging 
registers both images to create a multimodal image. Note the eye difference 
between the 2 modalities.There might be other, less-obvious areas of discrepancy 
between photographic and CBCT data.  
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FIGURE 3.8 
 
 
 
Fig 3.8. Three-dimensional surgical simulation by the 3dMDvultus software: A, 
surface models were created for both hard and soft tissues; B, virtual surgical 
osteotomies are performed—here, a lower border osteotomy (genioplasty); C, the 
chin segment is slid to the left to correct the asymmetry and also moved forward for 
illustration purposes; D and E, changes predicted in the soft tissues.  
  
CHAPTER 4 
 
ACCURACY AND LANDMARK ERROR CALCULATION USING CONE-
BEAM COMPUTED TOMOGRAPHY GENERATED CEPHALOGRAMS 
 
ABSTRACT  
 
 Objective: To evaluate systematic differences in landmark position between 
cone-beam computed tomography (CBCT)–generated cephalograms and 
conventional digital cephalograms and to estimate how much variability should be 
taken into account when both modalities are used within the same longitudinal study. 
Materials and Methods: Landmarks on homologous cone-beam computed 
tomography– generated cephalograms and conventional digital cephalograms of 46 
patients were digitized, registered, and compared via the Hotelling T2 test. Results: 
There were no systematic differences between modalities in the position of most 
landmarks. Three landmarks showed statistically significant differences but did not 
reach clinical significance. A method for error calculation while combining both 
modalities in the same individual is presented. Conclusion: In a longitudinal follow-up 
for assessment of treatment outcomes and growth of one individual, the error due to 
the combination of the two modalities might be larger than previously estimated. 
 
BACKGROUND 
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  The advent of cone-beam computed tomography (CBCT) for craniofacial 
imaging provides volumetric information that allows development of virtual three-
dimensional (3-D) models that can be quite valuable in locating impacted teeth, 
visualizing the temporomandibular joints, and diagnosing asymmetries in complex 
craniofacial patients.1 Although new applications such as 3-D cephalometrics are 
developing rapidly, cephalograms are still necessary for comparison to existing 
databases,2 and while 3-D registration and superimposition of CBCT data is being 
developed,3 sequential cephalograms provide an easy clinical method for assessing 
growth and treatment changes. In order to be able to compare the new modalities 
with our current databases, algorithms have been created to extract information from 
the CBCT image and to simulate a conventional lateral cephalogram, P-A 
cephalogram, and panoramic projection. Previous in vitro and in vivo studies 
comparing both conventional cephalograms and CBCT-extracted cephalograms 
reported some statistically significant differences that did not reach clinical 
significance.4–7 
 The aims of this in vivo study were (1) to evaluate any systematic differences 
in landmark position between CBCT-generated cephalograms and conventional 
digital cephalograms, using an optimization method to superimpose sets of 
landmarks, and (2) to estimate how much variability should be taken into account 
when combining conventional and synthetic cephalograms within the same 
longitudinal study.  
 
MATERIALS AND METHODS  
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 Records of consecutive patients who had radiographic examination at a 
radiology clinic between January 2005 and August 2006 were screened. Those for 
whom both a digital cephalogram (Planmeca, Helsinki, Finland) and a CBCT of the 
head (iCAT, Imaging Sciences International, Hatfield, Pa) had been obtained were 
selected. Initial inclusion criteria for this study were a medium-or full-field of view that 
allowed visualization of both the cranial base and the face and a patient age 
between 17 and 46 years. Records of 46 patients were available and included in the 
sample.  
 
Creation of a Synthetic Cephalogram  
 CBCT images were converted into DICOM files and were rendered 
anonymous by an algorithm included in the iCAT software. Images were loaded into 
Dolphin 3D (version 2.3 beta) (Dolphin Imaging, Chatsworth, Calif). Threshold filters 
were set for optimal visualization of the soft and hard tissues.  
 Images were reoriented to align the cranium relative to the tridimensional 
coordinate system of Dolphin 3D (version 2.3 beta). Orbits were oriented parallel to 
the horizontal plane in the frontal view. In the sagittal view the cranium was rotated 
along the long axis so that the key ridges and orbits were aligned. A cranial view 
was used to confirm the correct head rotation by aligning the intracranial medial 
structures with the default coordinate system. Once the virtual 3-D models were 
aligned, synthetic cephalograms were created. The magnification factor was set to 
7.5%, the typical magnification for midline structures with a 60-inch distance from 
radiation source to the midline with conventional cephalometrics, to simulate the 
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magnification in conventional digital cephalograms. The images were enhanced for 
better visualization by fine tuning of the contrast and brightness options and were 
saved as JPEG files (Figure 4.1).  
 
Cephalogram Tracing  
 Both conventional and synthetic cephalograms were loaded into Dolphin 
(version 9.1; Dolphin Imaging) and traced by a single operator. When landmarks 
were difficult to locate the operator was instructed to change the contrast, gamma, 
and brightness setting of the image until structures could be visualized. Whenever 
bilateral structures were not aligned, or when the difference in magnification was 
obvious between left and right structures, the operator chose the midpoint between 
the two structures. Cephalograms were verified for anatomic contour and landmark 
identification by a second operator. Fifteen cephalograms were selected from the 
sample and were retraced three times, with at least 24 hours in between tracing 
sessions. Intraclass correlation coefficients were above 0.9 for all landmarks both for 
x and y coordinates.  
 
Registration Method  
 The two sets of landmarks belonging to each patient were registered in order 
to combine landmarks from both modalities into the same coordinate system. The 
following landmarks were used in the registration process: nasion, orbitale, ethmoid 
reg, sella ant, sella, articulare, pns, ans, a pt, menton, gnathion, pogonion, b pt, 
gonion, and porion.  
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 In order to register the landmarks identified on the synthetic cephalogram to 
the ones belonging to the conventional digital cephalogram, rigid Procrustes 
registration was employed. Landmark coordinates were exported from Dolphin 
(version 9.1) into MathLab Software (The MathWorks Inc, Boston, Mass). First, the 
centers of gravity across all measurements were computed in each set of patient 
landmarks, both for the conventional and synthetic cephalograms. The centers of 
gravity of the conventional cephalogram landmarks and the synthetic cephalogram 
landmarks were superimposed. This process minimizes the translation differences 
between homologous landmarks while considering all the landmarks in the set. 
Secondly, an objective function that equals the sum of square distances between the 
landmark pairs was created. By minimizing this objective function, the best fit relative 
to the rotation of the two sets of landmarks was obtained.  
 
Measurement  
 Average difference vector. The residual distances for each patient between 
homologous landmarks belonging to the two cephalogram modalities were 
calculated as vectors and will be referred to as ‗‗difference vectors‘‘ (Figure 4.2). The 
average difference at each landmark between synthetic and conventional 
cephalograms was calculated by averaging difference vectors from all patients. This 
difference will be referred to as the ‗‗average difference vector‘‘ (Table 4.1).  
 Average difference length. The absolute length of the individual difference 
vector is referred to as the ‗‗difference length.‘‘ Based on these length values, we 
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then computed the ‗‗average difference length‘‘ via standard geometric averaging 
see (Table 4.1).  
 
Plotting  
 In order to visualize the difference vectors around each landmark, these 
vectors were transposed onto an arbitrarily selected landmark set (Figure 4.3). In 
order to visualize the envelope of landmark location probability, we plotted the 
average difference length (and two standard deviations) around each one of the 
landmarks (Figure 4.4).  
 
Statistical Analysis  
 Statistical analyses were performed using SAS (version 9.1; SAS Institute Inc, 
Cary, NC). The hypothesis of interest was that there was no systematic difference 
between the two modalities at each landmark. We calculated the Hotelling T2 statistic 
for the difference vectors between each pair of homologous landmarks in order to 
formally assess any systematic difference between the two modalities. To account 
for multiple comparisons across all landmarks, the false-discovery rate method was 
used.8  
 In order to calculate the bias and variability of the measurement errors 
obtained from the use of the two modalities at each landmark (see statistical 
deltails), we used a two-step process. First, we calculated the difference vectors for 
all subjects and then computed the sample covariance matrix of these difference 
vectors. Second, we used the Gaussian random vector with a mean of zero and the 
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half of the estimated covariance matrix to characterize measurement errors from 
both modalities.  
 To estimate the bias and variability of the distance between any two 
landmarks obtained from the use of the two modalities, we calculated the difference 
between the measured location difference vectors obtained from the two modalities 
and estimated their sample covariance matrix. Then, we can use the Gaussian 
random vector with a mean of zero and the half of the estimated covariance matrix 
to characterize measurement errors of location difference vectors between any two 
landmarks from both modalities.  
 
RESULTS  
 The average differences in location between homologous landmarks in both 
modalities are shown in Table 4.1 and Figure 4.2 as the average difference vector 
and average difference length. In order to compare difference vectors between 
patients, all sets of difference vectors around each landmark were transposed to an 
arbitrary center of coordinates and plotted (Figure 4.3). Most landmarks displayed a 
circular array of difference vectors. The average difference length and two standard 
deviations were also transposed to an arbitrary center of coordinates and plotted 
(Figure 4.4), which illustrates landmark location probability.  
 The distribution of the difference vectors was centered around zero for most 
landmarks, and there was no systematic difference between the two modalities. 
 After adjustment for multiple comparisons via the false-discovery rate method 
(Table 4.2), only three landmarks (ANS, MxI and B) showed a statistically significant 
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difference, and even for these landmarks the magnitude of the differences did not 
reach clinical significance (0.5 mm).  
 
DISCUSSION  
 
Registration Process  
 The Procrustes registration process is necessary to avoid an uneven 
distribution of error (differences) across landmarks. In order to compute the 
differences between modalities, homologous sets of landmarks have to be combined 
in the same coordinate system. Most studies simply compare absolute linear or 
angular measurements between modalities. These methods do not allow for 
establishment of directionality or discrimination between envelopes of landmark 
location probability.4–7,9 Combining homologous sets of landmarks through an 
arbitrary coordinate center introduces bias.  
 The most frequent arbitrary coordinate center is centered in sella, with a 
horizontal plane described by a line 6 degrees inferiorly rotated from sella-nasion 
plane. However, small differences in the locations of the landmarks that compose 
the coordinate system will have a great impact on the relative locations of landmarks 
located at a distance from the center of coordinates. The use of this arbitrary 
coordinate system to describe the relative coordinates of landmarks across 
modalities could lead to errors. Studies using the sella as the arbitrary coordinate 
center find their greater differences at mandibular structures or related 
measurements that are located far away from the coordinate system center.10 In our 
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method, the registration of homologous sets of landmarks and establishment of 
envelopes of landmark location probability did not depend on a single landmark but 
rather on a set of landmarks distributed uniformly across the head and face 
anatomy.  
 
Sources of Variability  
 Main sources of variability that could affect our results are variability due to 
landmark identification and variability due to head orientation and alignment of x-ray 
emitter.  
Landmark identification. The variability due to landmark identification displays 
characteristic patterns described by Baumrind and Frantz.11 The systematic error in 
landmark identification affects both modalities, and it is likely that the net effect on 
the difference between modalities is negligible. In terms of landmark identification, 
general findings in this study are in agreement with in vitro studies by Kumar et al6 
and Moshiri et al.9 These studies measured dry skulls, and it is important to note that 
landmark identification is slightly more complex when soft tissue is present. The 
general aspect of a CBCT synthetic cephalogram is different from that of a 
conventional digital cephalogram (Figure 4.1). Landmark identification was easier in 
the synthetic cephalograms. Some landmarks that often lack the adequate contrast 
for an easy identification in conventional digital cephalograms were easily 
recognized because of the higher difference in contrast in the synthetic 
cephalograms.  
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 Head orientation and alignment of x-ray emitter. Some of the differences 
found between homologous landmarks could be related to different head orientation. 
Malkoc et al12 have found that linear and angular measurements on lateral 
cephalograms change from 16.1% to 44.7% with 14 degrees of head rotation. 
Positioning of the patient inside the Planmeca cephalostat depends on the 
technician‘s skill, and that introduces another factor for which we cannot control.  
 The patient‘s anatomy also affects head positioning in the cephalostat. When 
the ears are used as a reference, we assume that the patient is relatively symmetric 
and that his/her ears are at the same level. In asymmetric patients this could create 
a head positioning error. Once the image is acquired, no corrections can be made to 
the roll and yaw of the head. Conversely, when a synthetic cephalogram is created 
the operator can easily manipulate the DICOM three-dimensionally to orient the 
head until bilateral structures are matching. The operator is able to see through the 
skull and match the position of para-medial structures. The position of the 
anatomical structures inside the field of view of the CBCT, in terms of rotation and 
translation, does not influence the accuracy of the measurements.13 In this study, 
while creating the synthetic cephalograms, no effort was made to replicate the 
position of the patient‘s head obtained in the conventional cephalograms.  
 Another source of projection errors is the misalignment of the x-ray emitter 
focal spot, which affects the conventional cephalogram machines. Even though we 
are certain that our x-ray unit was calibrated periodically, the fact that the 
cephalograms were obtained over a period of 18 months implies that the alignment 
of the x-ray source may have not been constant throughout the whole period. In an 
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ex vivo study, Lee et al14 reported that this type of misalignment could cause 
systematic error in the interpretation of facial asymmetry in PA cephalograms. That 
could be the case for conventional digital cephalograms too.  
 
Dry Skull and In Vivo Studies  
 The accuracy and precision of measurements with CBCT have been 
assessed by several studies.13,15,16 Ludlow et al17 concluded that measuring in both 
reconstructed panoramic projection and in the 3-D volume through the stack of 
slices provides accurate measurements of mandibular anatomy. Lascala et al18 
reported a slight underestimation in linear measurements compared with direct 
measurements with a caliper used on skulls.  
 Our results are in agreement with ex vivo studies that have compared the 
accuracy and reliability of CBCT-generated cephalograms using skulls. Kumar et al6 
concluded that with dry skulls CBCT is comparable to conventional cephalometry in 
terms of precision and accuracy. In a recent article Moshiri et al9 reported that 
CBCT-extracted cephalograms were, on average, more accurate than conventional 
digital lateral cephalograms when compared using direct measurement on skulls as 
a gold standard. In both studies, linear measurements of the mandible differed 
between the conventional and the CBCT synthetic cephalograms.  
 The findings from in vivo studies that assess differences in modalities are 
more directly comparable to our results. Recent in vivo studies have compared 
measurements between conventional cephalograms and CBCT-generated 
cephalograms and have concluded that even though some differences were found, 
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they were not statistically or clinically significant.4,5,7 These studies compared 
absolute measurements between modalities independently of landmarks‘ absolute 
coordinates. Given that there is no systematic error in landmark location between 
modalities, it is expected that the average differences in measurements reported 
between modalities would be centered around zero. When applied to an individual, 
the error in landmark location between modalities (or difference vector) could be 
much greater than the population average. When the two modalities are utilized in a 
longitudinal study of the same individual and when linear or angular measurements 
are computed, the reported error should include the envelope of landmark location 
probability at both landmarks (and at three landmarks if it is an angular 
measurement).  
 With the method presented here, by calculating the envelope of landmark 
location probability around each landmark we can estimate the mean increase in 
error while measuring linear distances (Table 4.2). For instance, according to our 
method, if both modalities were used to calculate the distance between condylion 
and gnathion in an individual, the error could be as high as or higher than 2.36 mm 
(one out of 10 cases would display an error greater than 2.36 mm). This has an 
obvious impact when one is measuring small changes in mandibular length between 
time points. With our method, the error in measurement for any combination of two 
landmarks can be computed, and angular measurements can be analyzed similarly. 
In longitudinal follow-up for assessment of treatment outcomes and growth of one 
individual, the error due to combination of the two modalities might be larger than 
previously estimated.  
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 In agreement with previous reports, the average difference in our study is 
below clinical significance. In longitudinal studies, when both modalities are used in 
the same individual, we should consider that the error of the method could produce 
clinically significant differences. This is especially the case when the variables 
measured display small incremental differences with growth. CBCT-generated 
cephalograms could be used as a diagnostic tool, but when assessing treatment 
outcomes at different times for one individual, the variability between modalities 
makes it advisable to obtain sequential records with the same modality.  
 
CONCLUSIONS  
 There is no systematic error when we compare average homologous 
landmark coordinates in conventional digital cephalograms and CBCT-generated 
cephalograms.  
 In longitudinal studies, when both modalities are used in the same individual, 
the error of the method could produce clinically significant differences. 
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TABLE 4.1 
 
Table 4.1. Landmarks, Average Difference Vectors (X and Y Components and 
Module), Significance, False-Discovery Rate Method Correction, and Average 
Difference Lengths. Statistical Significance Was Established at 0.01 
(Measurements are in mm)  
 
Average Difference Vector (ADV)  
(ADV)   P 
Value  
Average 
Difference  
SDa  
Landmark  Average X  Average Y  Magnitude  P 
Value  
(FDR)  Length (ADL)  (ADL)  
Nasion  0.10  0.23  0.25  .595  .617  0.70  1.94  
Orbitale  -0.07  0.38  0.39  .017  .067  1.26  1.88  
Pterygo-maxillary fissure  0.01  -0.16  0.16  .638  .638  1.29  2.22  
Ethmoid registration  0.11  -0.37  0.38  .122  .289  0.67  2.24  
Sella anterior  -0.07  0.11  0.13  .415  .553  0.61  2.11  
Sella  -0.09  0.01  0.09  .567  .611  0.51  2.03  
Basion  -0.42  -0.49  0.64  .004  .031  1.18  2.50  
Articulare  -0.19  -0.14  0.24  .124  .289  0.81  1.87  
Condylion  0.18  -0.36  0.40  .212  .361  1.23  2.18  
Posterior nasal spine  -0.25  -0.11  0.27  .048  .139  0.55  2.24  
Anterior nasal spine  -0.48  -0.11  0.49  .001  .007  0.82  2.10  
A pt  0.12  -0.03  0.12  .175  .350  0.65  1.79  
Upper incisor incisal tip  0.34  -0.14  0.37  .000  .003  0.58  2.17  
Upper incisor root apex  -0.05  -0.17  0.18  .172  .350  0.69  1.91  
Upper first molar mesial 
contact  
-0.13  -0.09  0.16  .459  .584  0.90  1.88  
Upper first molar mesial 
cusp  
0.05  -0.10  0.11  .539  .603  0.90  2.04  
Upper first molar distal 
contact  
-0.03  -0.17  0.17  .499  .603  0.79  2.36  
Menton  -0.06  0.18  0.19  .219  .361  0.69  1.80  
Gnathion  0.18  0.17  0.24  .266  .414  0.58  2.26  
Pogonion  0.24  0.30  0.38  .007  .037  0.62  2.39  
B pt  0.22  -0.45  0.50  .001  .007  0.99  1.61  
Lower incisor incisal tip  0.19  -0.16  0.25  .015  .067  0.55  1.96  
Lower incisor root apex  0.13  -0.08  0.15  .368  .516  0.72  1.85  
Lower first molar mesial 
contact  
0.20  -0.26  0.33  .046  .139  0.91  2.04  
Lower first molar mesial 
cusp  
0.23  -0.02  0.23  .333  .491  1.00  1.99  
Lower first molar distal 
contact  
0.14  -0.26  0.29  .050  .139  0.93  1.90  
Gonion  -0.02  -0.20  0.21  .534  .603  0.94  2.32  
Porion  0.28  0.02  0.28  .208  .361  1.04  2.10  
 
 SD indicates standard deviation, FDR indicates False-Discovery Rate method 
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TABLE 4.2 
 
Table 4.2. Difference Between Modalities for Four Linear Measurements. 
Mean Difference, Standard Deviation (SD), and Percentiles 
(Measurements are in mm)  
 
Mean     Percentile  
Lengtha  Difference  SD  10%  25%  40%  60%  75%  90%  
ANS-me  0.90  0.49  0.32  0.53  0.71  0.96  1.21  1.56  
N-Me  1.25  0.80  0.38  0.65  0.90  1.31  1.70  2.38  
Co-Gn  1.37  0.73  0.53  0.83  1.09  1.48  1.80  2.36  
Co-ANS  1.32  0.70  0.50  0.79  1.06  1.42  1.71  2.25  
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FIGURE 4.1 
 
 
Figure 4.1. Different aspect of a conventional digital cephalogram (a) and a CBCT-
generated cephalogram. (b) Note the difference in contrast and structure 
superimposition. For the digital cephalogram (JPEG file, 1360 3 2045; 8-bit; Proline, 
Planmeca, Helsinki, Finland); for the CBCT-generated cephalogram (16 x 22 cm 
large field of view, primary/axial image type, 1500/5000 window center/width, 
400/400 rows/columns; iCAT, Imaging Sciences International).  
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FIGURE 4.2 
 
 
 
Figure 4.2. Landmarks located in the CBCT-generated cephalogram (red) have been 
registered via Procrustes method to the landmarks located on the conventional 
digital cephalogram (green). Difference vectors are depicted.  
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FIGURE 4.3 
 
 
 
Figure 4.3. Difference vectors are grouped by landmark on a cephalogram tracing. 
The envelope of error—or difference between modalities—can be visualized. (Red 
and purple landmarks were used in the registration process; blue landmarks were 
only plotted.)  
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FIGURE 4.4 
 
 
Figure 4.4. Difference lengths depicted as average plus three standard deviations 
are plotted on a cephalogram tracing. (Purple landmarks were used in the 
registration process; green landmarks were only plotted.)  
 
 
  
 
CHAPTER 5 
REGISTRATION OF ORTHODONTIC DIGITAL MODELS 
 
ABSTRACT 
 Current methods to assess outcomes and change in orthodontics are 
comparison of photographs, cephalometric measurements and superimpositions, 
and comparisons/measurements on dental casts. Digital models are a relatively new 
records modality in orthodontics. They offer numerous advantages in terms of 
storage space, spatial registration and superimposition. The purpose of this paper is 
1) to determine the reproducibility of establishing occlusion of independently 
scanned digital models; and 2) to determine the reproducibility of registering digital 
models obtained after treatment on their homologous digital model setups produced 
before treatment. Reliability of both procedures was assessed with two random 
samples of five patients‘ models. In both experiments three replicate positioning of 
the models per patient were created and variability in position was evaluated by the 
maximum surface difference between replicates, and the standard deviation of the 
surface distances between replicates respectively. Based on the data obtained we 
concluded that it is reliable to register independently scanned models to a scanned 
surface of the models in occlusion. Surface to surface registration of final orthodontic 
digital models to planned setup models is also reproducible.  
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BACKGROUND 
 Excellence in orthodontics depends on careful assessment of treatment 
outcomes. In order to evaluate and quantify changes, records and measurements 
are obtained at different time points and compared.  
 Current methods to assess outcomes and change in orthodontics are 
comparison of photographs, cephalometric measurements and superimpositions, 
and comparisons/measurements on dental casts. Photographs offer a qualitative 
assessment in orthodontics and are a valuable communication tool. However, due to 
the likelihood of different camera angulation during photograph acquisition, it is not 
practical to obtain quantitative information for precise assessment of change1.  
Cephalometric superimpositions are the current gold standard for assessment of 
change in orthodontics, and it has been shown that they provide great precision and 
accuracy2,3. Cephalometric measurements can also be compared to normative 
data4. Their main disadvantage is that cephalometric radiographs are a two-
dimensional representation of three-dimensional structures, and due to the 
overlapping of the left and right sides of the dental arches it is particularly difficult to 
obtain a precise assessment of tooth movement.  
 Dental casts are the most frequently used three dimensional record in 
orthodontics and are, after the clinical evaluation, the most valuable orthodontic 
record5. However, their physical nature prevents them from being superimposed in 
space, and hence only linear two-dimensional measurements can be obtained. 
Moreover, they cannot be registered within the same coordinate system. Because 
we do not know the spatial relationship between models acquired at different time 
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points, measurements of change are not directional. For example, we know that a 
change occurred between point 1 and point 2 but we do not know whether that 
change was due to movement of point 1, point 2 or both, and we cannot quantify the 
percentage of change at each point (Figure 5.1). 
 The American Board of Orthodontics developed an Objective Grading System 
in order to assess treatment outcomes in orthodontics6. This method has proven to 
be reliable and is now a standard method for orthodontic outcomes assessment. The 
OGS is based in linear measurements on dental casts and includes the 
disadvantages previously mentioned. A digital version of the OGS is currently under 
development but has not been validated yet7,8. 
 Digital models are a relatively new records modality in orthodontics. They 
offer numerous advantages in terms of storage space, spatial registration and 
superimposition. Digital models are not qualitatively different from conventional 
dental casts in terms of diagnosis and treatment planning9,10. Quantitatively some 
differences have been found when comparing measurements between digital and 
dental casts, but these differences were not clinically significant11-20. Digital models 
of the same patient obtained at different times can be registered in the same 
coordinate system, and that allows for assessing change among time points. The 
challenge is to find stable references across time to be used as registration 
structures21. The rugae region of the palate has been suggested as stable region22-
29. It seems that once these difficulties are overcome, digital models will offer a 
quantifiable, directional, accurate and reliable way of assessing change.   
 The purpose of this paper is 1) to determine the reproducibility of establishing 
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occlusion of independently scanned digital models; and 2) to determine the 
reproducibility of registering digital models obtained after treatment on their 
homologous digital model setups produced before treatment. 
 
Part I: establishing occlusion with independently scanned digital models 
 
 One method of creating digital models from dental casts involves 
independently scanning each dental cast upper and lower, and then scanning the 
facial surfaces of both models in occlusion. This last scan is used as mutual 
information to reposition the independently scanned upper and lower models in a 
spatial relationship that reproduces the patient‘s occlusion. 
 
METHODS 
Sample  
 In order to register the dental arches in space to represent the patients‘ 
occlusion a sample consisting of pretreatment models of five patients was randomly 
selected from a population of 94 consecutively treated patients. The originating 
sample is composed by consecutive cases treated with Incognito lingual technique 
and debonded between January 2008 and January 2009. Inclusion and exclusion 
criteria for the originating sample of treated patients are described elsewhere30. In 
order to create the scanned surfaces, poly-vinyl siloxane impressions were made 
with Bisico impression material (Bielefelder Dentalsilicone GmbH & Co. KG, 
Bielefeld, Germany) and poured with Type IV extra hard white stone. Models were 
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scanned with an ATOS optical scanner (GOM mbH, Braunschweig, Germany) at a 
spatial resolution of 20 microns. For each patient three scans or surfaces were 
created: one surface of the upper arch, one surface of the lower arch and one 
surface of the models in occlusion. The latter one included only the facial aspect of 
the models in occlusion. Figure 5.2 (A). 
 
Software 
 The upper arch surface was registered to the corresponding buccal upper 
arch surface on the occlusion models using Occlusomatch software (TopService, 
3M, Bad Essen Germany). Parameters for the registration were set to select 2500 
points on each surface and with a search radius of 1 mm (reduced to 0.25 mm, 
factor of 0.50 mm). Iterations were automatically performed until a 0.06 mm average 
surface distance was obtained. The success threshold was set at 0.06 mm Figure 
5.2 (B). This two-step process was repeated three times per patient for each dental 
arch, rendering three positions for the upper dental arch and three positions for the 
lower dental arch. Dental arches were compared pair-wise and average surface 
distances were computed between homologous dental arches in Geomagic 
Studio10.0 software (Geomagic U.S., Research Triangle Park, NC, USA). The 
variable of interest was the maximum surface distance between homologous dental 
arches as a proxy for the maximum discrepancy due to the registration process 
(Figure 5.3).   
Statistical analysis 
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 In order to assess whether the discrepancy in positioning varies by dental 
arch, the largest discrepancy in replicate positioning was analyzed using a repeated 
measures analysis, allowing for different compound symmetry covariance structures 
for each dental arch. 
 
RESULTS 
 
 The estimated maximum difference in replicate positioning is shown in Table 
5.1. Three positions per dental arch were compared pair-wise across patients. The 
summary of the statistical model analysis is displayed in Table 5.2.  
 
 This data suggests that there is no statistically significant difference between 
the upper and lower arches in the average discrepancy in replicate positioning and 
no statistically significant differences between replicate positioning across the entire 
sample. Positioning the digital models in occlusion by using the scanned surface of 
the buccal surface of the models in occlusion is reproducible.  
 
DISCUSSION 
 
 Even though it is likely that validation studies like this one have been 
conducted, we could not find any publication of a similar approach.  
 A second method to position the digital models in occlusion involves using a 
three dimensional surface scan of a wax bite – an interocclusal record – to obtain a 
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reference to which the digital models could be registered in space. This method is 
based in registering the upper model to the upper surface of the wax bite, and the 
lower model to the lower surface of the wax bite. The structures involved in this 
surface to surface registration are the upper and lower cusps and incisal edges in 
the digital models and their homologous indentations produced in the wax material 
while the patient bit on it. This second method requires surface-to-surface 
registration of complimentary surfaces (for example dental cusps and indentations 
on the wax bite) rather than homologous surfaces (for example facial surfaces of 
dental model in occlusion and not in occlusion); and it is likely to involve a greater 
error of the method due to approximation operations during the complementary 
surfaces registration. 
 A third method of establishing occlusion of the digital models would involve 
scanning the models mounted in an articulator. By using fiducial structures attached 
to the articulator the relative position of the upper model to the lower model could be 
calculated. This is a potentially very accurate method but its main caveat is the 
constant calibration of the scanner needed to be sure that the articulator position is 
registered to the global coordinate system of the scanner. 
 Currently using the scanned surface of the models in occlusion to register 
digital models (but with different registration parameters) is widely used by clinicians 
thanks to the introduction of in-office model scanners. The 3Shape model scanner 
(3Shape, Copenhagen, Denmark), is a relatively economical device that allows the 
user to scan models independently and in occlusion. Through the proprietary 
OrthoAnalyzer software the user can establish the occlusion of the models and 
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perform measurements, digital setup and export the models as non-proprietary files 
(STL). It is very important that when the models are locked in occlusion this position 
remains the same throughout the entire scanning process. There are different 
devices to maintain the models in a fixed position while the scanner platform is 
moving to allow scanning of all surfaces of the models. Extreme care should be 
taken because a minimal movement of the models in occlusion during scanning will 
render a non-valid occlusion registration. 
 We have chosen the absolute value of the maximum discrepancy between 
surfaces (homologous dental arches were compared pair-wise in three replicate 
positioning) as our variable of interest. This variable is representative of the 
maximum error between registration instances and it may overestimate the error. 
However given the small variability obtained, we considered it safer to overestimate 
rather than to underestimate.  This small magnitude estimates for the upper and 
lower dental arch are not considered clinically significant. 
 
Part II: registration of setup models to final models to assess treatment precision. 
 
 Digital models offer a clear advantage over dental casts in assessing 
longitudinal changes given that they can be registered and superimposed in 
space21,28.  Among other methods of treatment results assessment in orthodontics, 
outcomes in orthodontics can be also assessed by comparing the obtained outcome 
with the planned setup. Spatial registration of the setup model on the final digital 
models is achieved by an iterative closest point algorithm or ―best fit‖ of surfaces. In 
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order to evaluate the reliability of the ICP registration of setup models to their 
homologous final outcome model the following study was accomplished. 
 
METHODS 
Sample 
 In order to assess the reliability of registration of final digital models to digital 
models of initial setups, a second sample consisting of models of five patients was 
randomly selected from the population of 94 consecutive treated patients30.  For 
each patient two sets of models were available: final models post-orthodontic 
treatment obtained the day of bracket de-bonding and setup model made on a 
duplicate of the malocclusion models before orthodontic treatment. Models were 
scanned with an ATOS optical scanner (GOM mbH, Braunschweig, Germany) at a 
spatial resolution of 20 microns.  
 
Software 
 Models were repositioned in space to reproduce their occlusion relationship 
using method described in the first part of this article.  The surfaces were simplified 
to 50,000 points using the Qslim 2.0 tool31 and then cleaned to delete the gingival 
tissues. Once simplified, the upper setup model was registered to the upper final 
model using eModel 9.0 software (Geodigm Corporation, Chanhassen, MN), to 
combine both models in the same coordinate system. The same process was 
followed for the lower setup model. 
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 The registration process was repeated 3 times per dental arch, per patient, 
rendering three relative positions of the upper and lower setup arches to the final 
models (Figure 5.4). Setup and final dental arch positions were compared pair-wise 
and average surface distance was computed between homologous record arches. 
The variable of interest was the absolute value of the standard deviation surface 
distance between final and setup models as a proxy of the average discrepancy due 
to the registration process.  
 
Statistical analysis 
 In order to assess whether the error in replicate positioning varies by dental 
arch, the standard deviation was used to summarize the deviation between 
replicates. A repeated measures analysis was performed, allowing for different 
compound symmetry covariance structures for each dental arch. 
 
RESULTS 
 The estimated maximum difference in replicate positioning is shown in Table 
5.3. The average difference in absolute value of the standard deviation was not 
significantly different from zero for the upper jaw (p=0.08) or for the lower jaw 
(p=0.22). The summary of the statistical model analysis is displayed in Table 5.4. 
 This data suggests that there is no statistically significant difference between 
the upper and lower arches in the average discrepancy in replicate positioning and 
no statistically significant differences between replicate positioning across the entire 
sample. 
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DISCUSSION 
 
 Longitudinal change assessment using sequential digital models is based in 
the following process: first a coordinate system has to be defined; second models 
from different time points must be registered to that coordinate system; and third, 
models are superimposed and the differences among them are evaluated. In order 
to combine different records in the same coordinate system, stable structures – 
which did not change with time or treatment – are defined and used as registration 
regions. Once registered, structures that did change can be qualitatively and 
quantitatively described. 
 While the orthodontic community is waiting for a reliable longitudinal 
registration of sequential dental models to assess tooth movement, other methods to 
assess treatment outcomes are being used. The ABO OGS is a validated tool to 
assess orthodontic outcomes. Even though at this point it is one of the best methods 
we have, it depends on fixed anatomical relationships rather than on actual tooth 
movement. Due to that, its results are often influenced by the tooth anatomy. 
 Researchers have been looking for stable structures within the dental models 
to be used as registration landmarks or surfaces32-35. The main problem using rugae 
as stable registration surfaces is that – as in any registration process – the further 
away from the registration surface a point is, the greater the registration error 
becomes21,25. While the rugae may be reliable to assess tooth movement in the 
premolar region (mainly in cases treated with no extractions), it may not be precise 
enough to assess changes in the molar region. In addition, small changes in rugae 
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morphology will have great effects on the relative vertical position of molars between 
time points. Recently Jang at al. compared the rugae registration method with 
registration on miniscrews placed in the maxilla and concluded that the medial points 
of the third palatal rugae and the palatal vault could be used as reference 
landmarks28.  
 An efficient way to assess treatment outcomes – not tooth movement – would 
be to register and superimpose the models obtained after orthodontic treatment on 
the setup or planned correction. While this method does not allow for calculation of 
tooth movement due treatment and growth, it does allow for calculation in the 
discrepancy between planned position and obtained position relative to intra-arch 
tooth alignment. The first step for such method is the establishment of reproducible 
registration method. Iterative closest point registration does not depend on stable 
structures and rather utilizes the whole surface during the computation of the 
registration parameters. Given that the differences between surfaces (final treatment 
and planned setup) are relatively small, the registration error is divided among all 
teeth based on their size.  
 The reliability of this method depends on the relative initial position of the 
surfaces before registration process, because ICP registration uses optimization 
methods to identify a minimum surface distance value between surfaces. Given that 
the surfaces that we register are similar but not equal, we have chosen the standard 
deviation as a proxy variable for the registration variability. If we would use the 
average surface distance between surfaces we would underestimate the error in 
registration, because positive errors would cancel negative ones. The absolute value 
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of the maximum distance between surfaces is also not representative of the 
discrepancy between registration instances given that the surfaces are not equal.  
 
CONCLUSION: 
 Based on the data presented above, it is reliable to register independently 
scanned models to a scanned surface of the models in occlusion. Surface to surface 
registration of final orthodontic digital models to planned setup models is also 
reproducible.  
 Further research is needed to establish the most stable landmarks/surfaces 
for longitudinal registration of sequential digital models. Once surfaces are 
registered the difference between positions of individual teeth can be measured and 
expressed in terms of six degrees of freedom (Figure 5.5). 
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TABLE 5.1 
 
Table 5.1: Estimated Maximum Difference in Replicate Positioning By 
Dental Arch 
Dental Arch Estimate (mm) Standard Error (mm) 
Upper 0.007 0.003 
Lower 0.009 0.004 
 
TABLE 5.2 
  
Table 5.2 Statistical model analysis: Type 3 Tests of Fixed Effects 
Effect DF F-Statistic P-Value 
Dental Arch 1,24 0.21 0.65 
 
TABLE 5.3 
 
Table 5.3 Estimated Standard Deviation By dental arch 
Dental arch Estimate (mm) Standard Error (mm) 
Upper 0.07 0.04 
Lower 0.05 0.03 
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TABLE 5.4 
 
Table 5.4 Statistical model analysis: Type 3 Tests of Fixed Effects 
Effect DF F-Statistic P-Value 
Dental Arch 1,24 0.15 0.71 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 96 
FIGURE 5.1 
 
 
Figure 5.1During treatment the width between the premolars and molars was 
increased. Dental casts allow for measurement of linear distances but not relative 
measurements. The orange bar represents the initial distance between second 
premolars (A). The green box represents the increase in interpremolar width (B). 
Measurements on dental casts do not allow for determination of whether 
interpremolar expansion occurred by the right premolar moving facially, the left 
premolar moving facially or most likely both premolars moving facially.  
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FIGURE 5.2 
 
 
Figure 5.2 Independently scanned models (A) are registered using a scanned 
surface of the facial aspect of the models in occlusion (B). The scan of the models in 
occlusion is used only for the registration of the upper and lower models in occlusion 
(C, D) 
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FIGURE 5.3 
 
 
Figure 5.3 Three-dimensional comparison of the models is performed by Geomagic 
Studio 10.0 (Geomagic U.S., North Carolina, USA). Replicate positions are 
compared based on the absolute value of the maximum distance between surfaces 
and graphically displayed as color maps.  Color segments correspond to distance 
(mm) between surfaces. 
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FIGURE 5.4 
 
 
Figure 5.4 Final and setup orthodontic digital models are registered (A). The 
surfaces corresponding to the gingival tissues are removed (B) Registered digital 
models can be superimposed in space (C). 
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FIGURE 5.5 
 
 
Figure 5.5 Once registered in the same coordinate system the six degrees of 
freedom describing tooth movement can be computed (Euler system). Computation 
of translation is based on the relative position of the tooth centroid. From eModel 
software (Geodigm Corporation, Chanhassen, MN). Computation of rotation is 
based on the relation of the local coordinate system of each tooth and the general 
coordinate system.  
 
 
 
 
  
 
CHAPTER 6 
ACCURACY IN TOOTH POSITIONING WITH FULLY CUSTOMIZED LINGUAL 
ORTHODONTIC APPLIANCES 
ABSTRACT 
 Background. In order to understand orthodontic tooth movement, a method of 
quantification of tooth position discrepancies in three dimensions is needed. While 
the registration of sequential orthodontic digital models is still controversial, setup 
models of the planned correction can be registered to the final obtained correction 
after orthodontic treatment. Today, brackets and wires can be fabricated by 
CAD/CAM technology on a setup made at the beginning of treatment, so that 
treatment should produce a reasonably precise duplicate of the setup.  
 Method. In order to assess the accuracy of a CAD/CAM lingual orthodontic 
technique, dental casts of 94 patients from a single practice, representing a broad 
range of orthodontic problems, were evaluated. The casts for the planned outcome 
(setup) and actual outcome after treatment (final) were scanned to create digital 
models, and then the setup and final models for each patient were registered 
individually for the maxillary and mandibular dental arches. The planned and 
achieved tooth position was compared for each tooth. Individual tooth discrepancies 
were computed and expressed in terms of a six-degrees-of-freedom rectangular 
coordinate system (XYZ).  
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 Results. Translational and rotational discrepancies were quite small for all 
teeth (generally less than 1 mm and than 6 degrees) except for 2nd molars, where 
some larger discrepancies were observed. Labio-lingual expansion in the posterior 
teeth was greater in the setup than in the final models, especially at the 2nd molars. 
Linear mixed models showed that age, type of tooth, jaw, initial crowding, time in 
slot-filling wire, use of elastics, days in treatment, interproximal reduction and 
rebonding all were influences on the setup/ final differences, but for some of these 
factors, the influence was small, explaining only a small amount of the discrepancy 
between planned and actual outcomes. 
 Conclusion.  The presented methodology represents the first step towards 
understanding and measurement of tooth movement in three dimensions. These 
fully customized lingual orthodontic appliances were very accurate in achieving the 
goals planned at the initial setup, except for the full amount of planned expansion 
and inclination at the 2nd molars.   
  
BACKGROUND 
 In order to assess change in orthodontic treatment, sequential records 
obtained at different time points are compared. Historically most quantitative 
comparisons in orthodontics were made on cephalograms1,2,  which generate a two-
dimensional projection of three-dimensional structures. Due to the overlapping of the 
left and right sides of the dental arches it is particularly difficult to obtain a precise 
assessment of tooth movement3,4.  During the last ten years numerous three 
dimensional record modalities have been introduced. These include digital 
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orthodontic models, cone-beam computed tomography (CBCT) and three-
dimensional photography5. The new modalities allow for assessment of changes in 
three dimensions6 and for customization of treatment planning, brackets and wires 
by means of CAD/CAM technology.  
 Digital models are comparable to conventional dental casts when qualitatively 
compared, for instance in terms of decision making7,8. Quantitatively, when linear 
measurements are compared between digital models and dental casts, some 
statistically significant differences are found but these differences do not reach 
clinical significance9-18.  Among the many advantages of digital models over 
conventional dental casts is the possibility of spatial registration. Digital models from 
different time points can be combined in the same coordinate system. Baumrind et 
al. described three types of registration of digital models19. Type I consist of tooth by 
tooth registration, in which pre-to-post position of individual teeth are taken into 
account. Type II and Type III registrations are based on positional information of 
stable structures external to the dental arches. The stable structure most frequently 
used in Type II registrations is the palatal rugae, which has been used by many 
authors to assess tooth movement20-28. Type III registration incorporates information 
from a two-dimensional source – change measured on superimposed sequential 
cephalograms – to the three-dimensional digital models.  
 Previous studies measuring three-dimensional tooth movement or tooth 
positional discrepancy can be classified into three categories based on their reported 
outcome. Group I includes all studies reporting tooth movement as the three-
dimensional translation of a chosen landmark in a XYZ system22,24,26,28-30. In a study 
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of this type, Ashmore et al. registered bimonthly serial models on palatal rugae 
landmarks and described the translational movements of the molars subjected to a 
headgear force.  In order to compute the molar translational parameters these 
authors digitized four landmarks on each molar at each time point, and constructed a 
centroid. They reported good reliability for the translational movements and not so 
good reliability for the rotational parameters24.  
Group II is comprised of studies reporting both translation and rotation 
parameters based on the calculation of a transformation matrix in a XYZ system31-34. 
This transformation matrix is computed through an iterative closest point registration 
between homologous teeth at different time points. Chen et al. applied this method 
to measure simulated tooth movement on cone-beam CT images33. This 
methodology can also be used to compare planned tooth positions to the achieved 
tooth positions34,35.  
Group III studies describe rotational parameters and translation relative to a 
finite helical axis system (FHA)36-38. Hayashi et al. compared the FHA system and 
the XYZ system and found no statistically significant differences in absolute tooth 
movement measurements, but noted differences in the description of the rotational 
parameters39.  
 In order to understand orthodontic tooth movement, a method of 
quantification of tooth position discrepancies in three dimensions is needed. While 
the registration of sequential orthodontic digital models is still controversial, setup 
models of the planned correction can be registered to the final obtained correction 
after orthodontic treatment. Current technology allows for the establishment of 
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precise treatment goals and mechanics before initiation of treatment. Treatment 
goals are established in virtual space and custom appliances are manufactured to 
produce the desired tooth movement40-43. The use of goal-driven orthodontic 
techniques has not been validated, and it is not known how close the final treatment 
results are to the planned correction44-46. Digital models allow for superimpositions in 
space and hence for measurement of the possible discrepancy between planned 
and achieved tooth movement.  
 Based on the above considerations, a new method for: (1) registration and 
superimposition of setup and final models, and (2) assessment of tooth positional 
discrepancy, was developed and validated35. It consists of a two-step registration of 
digital models: first, dental arches from different time points are registered in the 
same coordinate system, and second, homologous teeth in different positions are 
registered in order to compute the transformation matrix between time points. This 
method allows for computation and description of differences between planned tooth 
positions - used for appliances fabrication - and achieved tooth positions by means 
of these appliances. The obtained differences in translation and rotation between 
teeth at two time points can be translated into translation and rotation parameters 
around the dental arches, and this information can be applied in refinement of 
orthodontic appliances fabrication. To this day, there is no evidence to support that 
the orthodontic planned changes will be delivered by the CAD/CAM orthodontic 
appliances.  
The aim of this study is to assess the accuracy in translational and rotational 
tooth positioning of a CAD/CAM lingual orthodontic technique.  
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MATERIALS AND METHODS 
 Sample 
 A sample was collected at an orthodontic office in Bad Essen, Germany, 
dedicated almost exclusively to lingual orthodontics. Incognito is a lingual 
orthodontic technique in which brackets and wires are CAD/CAM customized on a 
scanned model of the patient‘s setup at the beginning of treatment41,47,48.  
Laboratory technicians fabricate a setup model according to the orthodontist 
prescription. These models are scanned and used as a template to design virtual 
brackets and wires.  Virtual brackets are printed in wax and cast in a gold alloy. Arch 
wires are formed by a wire-bending robot. Dental casts, brackets and wires are 
delivered to the orthodontist (Figure 6.1). Inclusion criteria were patients treated with 
Incognito lingual technique for both upper and lower dental arches and debonded 
between January 2008 and January 2009. Initial sample was composed of 118 
patients.  Exclusion criteria were:  surgical or skeletal anchorage treatment, 
unavailability of diagnostic records and lack of compliance defined as no 
appointment in three consecutive months. After application of exclusion criteria the 
final sample was composed of 94 patients (tables 6.1 and 6.2). The average age for 
the sample was 27.7 years, and it ranged from 15.51 to 61.64 years. The ratio 
female to male was 2 to 1. 
For each individual the following records were collected: pre-treatment dental 
casts (initial), pre-treatment setup (setup), post-treatment dental casts (final), pre 
and post-treatment cephalogram and panoramic radiographs, and pre and post-
treatment photos. The following information was also collected: gender, age, 
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ethnicity, days in treatment, arch wire sequence, use of intermaxillary elastics, and 
use of extractions and/or interproximal reduction. 
 Scanning of dental casts and establishment of occlusion 
 Dental casts were created from poly-vinyl siloxane impressions made with 
Bisico impression material (Bielefelder Dentalsilicone GmbH & Co. KG, Bielefeld, 
Germany) and poured with Type IV extra hard white stone. Dental casts were 
scanned with an ATOS optical scanner (GOM mbH, Braunschweig, Germany) at a 
spatial resolution of 20 microns. For each patient and time point three scans or 
surfaces were created: one surface of the upper arch, one surface of the lower arch 
and one surface of the models in occlusion. The latter one included only the facial 
aspect of the models in occlusion.  
 The upper and lower arch surfaces were registered to the corresponding 
upper and lower portions of the surface of the models in occlusion using 
Occlusomatch software (TopService, 3M, Bad Essen Germany). An automatic 
registration process selected 2500 points on each surface (search radius of 1 mm 
reduced to 0.25 mm, factor of 0.50 mm), and iterations were performed until the 
success threshold was reached at 0.06 mm. Once the occlusal position of the upper 
and lower arches was established the surface of the models in occlusion was 
deleted. The variability introduced by this two-step process was quite small and its 
validation is reported elsewhere35. This process was used for the initial, setup and 
final models, generating three pairs of digital models.  
 Removal of the gingival tissue and surface-to-surface registration 
108 
 
 Digital models corresponding to the setup and final time points were loaded 
into Geomagic Studio10.0 software (Geomagic U.S., Research Triangle Park, NC, 
USA), and the surfaces corresponding to the gingival tissue were removed. The 
remaining surfaces corresponding to the dental arches were simplified to 50,000 
points using the Qslim 2.0 tool49. Once simplified, the upper setup model was 
registered to the upper final model using emodel 8.05 software (Geodigm 
Corporation, Chanhassen, MN), to combine both models in the same coordinate 
system.  
The same process was followed for the lower setup model. The surface-to-
surface registration of the setup dental arch to the final dental arch was 
independently performed for upper and lower dental arches. 1500 points were 
selected on each surface with a search radius of 0.5 mm. 30 Iterations were 
automatically performed until the best fit of the surfaces was obtained (Figure 6.2). 
The small and not statistically significant variability introduced by this registration 
process and its good reliability are reported elsewhere35.   
 Segmentation of teeth and measurement of tooth discrepancy in position 
 Once setup and final digital models were combined in the same coordinate 
system, the individual teeth were segmented with emodel 8.05 software (Geodigm 
Corporation, Chanhassen, MN). Both the setup and final digital models were loaded 
into emodel Compare software. The long axis of each tooth was located and a local 
coordinate system was assigned to each individual tooth. The rigid transformation 
matrix (translation and rotation) between teeth at different time points was calculated 
by means of an iterative closest point registration of homologous teeth in the setup 
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and final models. The difference in translational components (mesio/distal, 
labio/lingual and vertical) was computed by comparing the position of the center of 
coordinates between homologous teeth at different time points. The difference in 
rotational components (inclination, angulation and rotation) was computed by 
projecting the local coordinate systems onto the world coordinate systems. (Figure 
6.3) 
Statistical analysis 
The translational and rotational discrepancies were used as the outcome 
variables. Demographical, initial malocclusion and treatment variables were 
considered as covariates. Linear mixed effects models were constructed for each of 
the six outcome variables. The level of significance was set at 0.05. 
  Translational and rotational discrepancies for homologous teeth from the 
right and left sides were aggregated by tooth type. Age was centered on its mean 
value. Days in treatment was centered on its mean value and standardized to 120-
day intervals. Days in slot-filling wire (0.0182x0.0182 inches) was categorized into 
three groups: 1). No slot-filling wire, 2). 1-180 days in slot-filling wire and 3).  More 
than 181 days in slot-filling wire.  
The final model for each of the translational and rotational discrepancies had 
the form of: 
 Yijkl = β0 + bi + bij + xijkβ + eijkl (1) 
 
where Yijkl is one of the discrepancies, β0 is an intercept term, β is a vector of fixed 
effect coefficients, xijk is a vector of fixed effect covariates, bi is a random effect for a 
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patient, bij is a random effect for the jaw within a patient, and eijkl is a random error. 
(1, see Appendix B) 
 
RESULTS 
 Clinical outcomes 
 As depicted by the dispersion values in Table 6.1, variability in age and 
malocclusion characteristics in the final sample was large enough to represent the 
orthodontic patients‘ population. Note the range of Overjet [-4.70, 11.50] mm and 
overbite [-6.70, 7.60] mm.  
 Malocclusion characteristics, as a proxy for malocclusion complexity, were: 
upper and lower crowding calculated as the difference between the available and 
needed space, overjet, overbite and ANB angle. Treatment variables included 
treatment time, time in slot-filling wire for upper and lower dental arch, interproximal 
reduction, number of brackets rebonded and use of elastics (Class II and vertical). 
Two other variables, extractions and missing premolars at the beginning of treatment 
were recorded but not included in the study given that their distribution rendered 
some groups with less than 5 individuals and would cause a decrease in stability in 
statistical outcomes (table 6.1 and 6.2). 
 A clinical example is shown in figure 6.4, 6.5 and 6.6. For this patient the 
dental Class II malocclusion was corrected by extraction of upper first premolars and 
retraction of the upper front teeth into the extraction space (figure 6.4). Digital 
models corresponding to the initial, setup and final time points are depicted in figure 
6.5. Note the difference in arch form and overjet between initial and final time points. 
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Using the described method the setup models were registered and superimposed on 
the final models (figure 6.6). Surfaces corresponding to the setup and final time 
points were similar with some differences in the molar region.    
 Discrepancies between planned and actual tooth position: translational 
discrepancies 
 Means of absolute translational discrepancies were small, with the greatest 
discrepancy and variability shown at the upper and lower second molars (Table 6.3 
and 6.4, and figure 6.7 A-C). For all three translational discrepancies, and for all 
teeth except second molars, most teeth were positioned within 1 mm of their 
planned positions (-1mm to +1mm). Mesio-distal discrepancies were greatest at the 
second molars with upper second molars positioned mesially relative to their 
planned position and lower second molars positioned distally relative to their 
planned position (Figure 6.7 A). A pattern was observed in the labio-lingual 
translational discrepancies (Figure 6.7 B) where the molars and posterior segments 
were in a more lingual position relative to the planned positions and the incisors 
were in a more labial position relative to their planned position. The setup was on 
average wider in terms of expansion than the final model.  
 Vertical discrepancies were the smallest and the least variable among the 
translational discrepancies (Figure 6.7, C) Once again, second molars displayed the 
greatest discrepancy with upper second molars in a more apical position and the 
lower second molars in more coronal position relative to their positions in the setup 
models.  
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Discrepancies between planned and actual tooth position: rotational 
discrepancies 
Rotational discrepancies were also small, and their mean was close to zero 
(Table 6.3 and 6.4, and figure 6.7 D-F). Upper teeth except upper second molars 
were on average within 4 degrees of their planned inclination (Figure 6.7, D). 
Second molars displayed the greatest and most variable discrepancies in inclination, 
with upper second molars showing more inclination at their final position than the 
setup, and lower second molars showing less inclination at their final position 
relative to their planned inclination. A pattern was detected in the lower arch where 
the average discrepancy in inclination increased from posterior teeth to anterior 
teeth. Angulation discrepancies were small. Upper second molars were slightly 
distally angulated and lower second molars were mesially angulated in comparison 
with their planned positions (Figure 6.7, E). Variability in rotation discrepancy was 
greater than inclination and angulation variability (Figure 6.7, F). 
Relation between covariates and outcome variables (Table 6.5) 
When all variables were considered in a general model, age was statistically 
related to an increase of labio-lingual discrepancy and almost reached statistical 
significance in mesio-distal and vertical positioning and in inclination; however, 
parameter estimates were not clinically significant. Gender displayed no statistically 
significant relationship to any rotational or translational dependent variables. 
Both the rotational and translational discrepancies were statistically different 
between upper and lower jaw, and among tooth types with the only exception of 
rotation between upper and lower jaw. These positive or negative statistically 
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significant relationships vary among the discrepancies and will be addressed in each 
translational and rotational discrepancy further below. Clinical significance criteria 
depended on the center value and standardization of continuous variables and on 
the reference group and categorization for categorical variables. (Appendix B)    
Discrepancy in mesio-distal positioning was statistically related to initial 
crowding in the upper arch, to inteproximal reduction, to rebonding, to jaw and to    
tooth type while accounting for all other covariates. The achievement of the setup 
goals in terms of mesio-distal positioning was better for the mandible than the 
maxilla. Parameter estimates were not clinically significant except for interproximal 
reduction where a 0.2 mm reduction of mesio-distal discrepancy was found when 
IPR was performed (Table 6.5 and Appendix B). 
Discrepancy in labio-lingual positioning was statistically related to an increase 
in age and days in treatment, to the use of vertical elastics, to jaw and to tooth type 
while accounting for all other covariates. The achievement of the setup goal in terms 
of labio-lingual positioning was better for the maxilla than the mandible. Parameter 
estimates were not clinically significant except for the use of vertical elastics, where 
a average of 0.2 mm increase in labio-lingual discrepancy was noted when these 
were used (Table 6.5 and Appendix B).  
Discrepancy in vertical positioning was statistically related to use of Class II 
elastics (increased discrepancy), rebonding (increased discrepancy), to jaw and to 
tooth type while accounting for all other covariates. The achievement of the setup 
goal in terms of vertical positioning was better for the maxilla than the mandible. An 
114 
 
average increase of 0.1 mm in vertical discrepancy was found when Class II elastics 
were employed (Table 6.5 and Appendix B).  
Discrepancy in inclination was statistically related to initial crowding in the 
lower arch, to jaw and to tooth type while accounting for all other covariates. The 
achievement of the setup goal in terms of inclination was better for the mandible 
than the maxilla. A reduction of 0.4 degrees in inclination discrepancy was observed 
per 1 mm increase in initial crowding.  Some of the covariates did not reach 
statistical significance in the statistical model, but their parameter estimates were 
clinically significant. In terms of inclination, the achievement of the setup goals was 
better when slot-filling wires and vertical elastics were used; and was worse when 
treatment time was shorter, and when Class II elastics and interproximal reduction 
were employed (Table 6.5 and Appendix B).  
Discrepancy in angulation was statistically related to initial crowding in the 
upper arch, to the use of vertical elastics, to jaw and to tooth type while accounting 
for all other covariates. The achievement of the setup goal in terms of angulation 
was better for the maxilla than the mandible. The use of vertical elastics led to a 0.7 
mean decrease in angulation discrepancy. Other covariates that did not reach 
statistical significance by themselves while accounting for all other covariates but 
were related to a decrease in angulation discrepancy are: use of Class II elastics 
and interproximal reduction (table 6.5 and Appendix B).  
Discrepancy in rotation was statistically related to initial upper and lower 
crowding, to ANB angle, to lower slot-filling wire and to tooth type while all other 
covariates were considered. Discrepancy in rotation was smaller when upper slot-
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filling wire was used (but did not reach statistical significance). Conversely the use of 
the lower slot-filing wire was related to an increase in rotational discrepancy (Table 
6.5 and Appendix B). 
 
DISCUSSION 
Sample characteristics 
The lack of clinical relevance of age and gender on the amount of 
translational or rotational discrepancy can be explained by the fact that severity of 
the malooclusion, and hence needed correction, was not correlated to age and 
gender, and was homogeneously distributed among individuals; it makes sense that 
the discrepancy between planned and achieved results would be related to the 
severity of the malocclusion rather than to demographical variables. Ethnicity was 
not included in the study given that the sample originated in a region in Germany 
where almost all individuals were Saxons.    
A possible explanation for the lack of statistical relationship between 
discrepancy and interarch variables (overjet, overbite and ANB angle) is that the 
presented method measures discrepancies in intra-arch translation and rotation 
independently of the occlusal relationship. The registration of the setup models to 
the final models was performed as a two registrations with upper and lower dental 
arches independently registered. Inter-arch variables (overjet, overbite and ANB 
angle) could have only an indirect effect on the translational and rotational 
discrepancies due to the use of inter-arch elastics; that was the case when all 
variables were accounted for in the six statistical models. 
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Influences on translational accuracy 
 Mesio-distal translational discrepancies were small, with most of the sample 
within 1 mm of the planned position. This was expected given that the differences in 
arch form have only small effect in the mesio-distal position of a tooth. Second 
molars exhibit the greatest translational discrepancy between planned and achieved 
positions, probably due to being the terminal molar where the arch wire is performing 
as a cantilever as opposed to a supported beam. Estimated parameters for all 
covariates were not clinically relevant (see Appendix B).The use of interproximal 
reduction was expected to be related to a smaller mesio-distal discrepancy between 
setup and final models given that interproximal reduction was also performed on the 
setup model. Thalheim et al. compared the intercanine distance planned on the 
setup model with the one obtained after treatment with Incognito lingual technique. 
The authors reported a difference smaller than 0.5 mm (range of -0.8 to 0.9 mm). 
They concluded that the realization of the planned intercanine distance with 
Incognito technique is predictable50. These results are expected given that if the 
treatment is finished without spacing between lower canines the arch form would 
have only a small effect on the lineal distance between canines‘ cusps.  These 
results are comparable to the mesio-distal positioning discrepancies presented in the 
present study.   
The data regarding labio-lingual discrepancy displayed a trend, with the 
molars in a more constricted position and the incisors in a more proclined position. 
This was probably due to the fact that the arch form change was not entirely 
achieved by the slot-filling wire, and could be explained because dental arch 
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expansion is proportional to the arch wire expansion until a threshold is reached, 
and after that point a greater torsional stiffness of the wire would be necessary. The 
last wire used in over two-third of patients is a 0.0182x0.0182 TMA wire, the 
torsional stiffness of this wire is around 40% of the rigidity of a similarly-sized 
stainless steel wire51. Maybe overcorrection in the customized prescription should be 
added to second molar brackets to reduce discrepancy between planned and 
achieve tooth positioning.  Covariate statistically related to labio-lingual discrepancy 
displayed: either not clinically relevant parameter estimates, (age and days in 
treatment), or slight negative effect on the achievement of the setup goals (use of 
vertical elastics). The use of vertical elastics could be the consequence rather than 
the cause of the discrepancy in labio-lingual positioning. Perhaps the clinician 
instructed the patient to wear vertical elastics in an attempt to correct labio-lingual as 
well as vertical discrepancies.  
Vertical discrepancies could be explained by three factors: first, one third of 
the individuals in our sample were still growing and second molars were still in active 
eruption process – note vertical discrepancies in position for second molars (see 
figure 6.7 C). The second factor that may have introduced a greater variability at the 
second molar region is the iterative-closest-point registration of setup and final 
models. If the final relative position of the setup and the final models depends on the 
average of the surface differences, the greatest discrepancies would be expected at 
the terminal end of the surface, in this case at the second molars. Finally, arch wires 
are less efficient in producing orthodontic tooth movement and controlling vertical 
position when they function as a cantilever, which is the case for second molars. It is 
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important to note that almost half of the sample used Class II elastics, and these 
were statistically related to the vertical discrepancies. Rebonding was also related to 
greater vertical discrepancies but the parameter estimate was not relevant 
(seeTable 6.5 and Appendix B).  
Influences on rotational accuracy 
 Rotational discrepancies were also small for all teeth except second molars. 
This fully customized lingual technique was very predictable in achieving the 
rotational changes (inclination, angulation and rotation) planned in the setup.  
Discrepancies in inclination for the upper teeth were small, but on average 
upper teeth (except central incisors) displayed more inclination than planned. This 
may be due to the fact that the force application is in lingual position relative to the 
center of resistance of the teeth. Any labially directed force applied in a lingual 
position to the center of resistance of a tooth will produce a moment that will tend to 
rotate the tooth crown facially and root palataly. 
A pattern at the lower teeth was observed where posterior teeth displayed 
less inclination than planned and anterior teeth matched the planned inclination. A 
possible explanation for this phenomenon is that almost half of the sample used 
Class II elastics which are attached to a facial button bonded on the lower second 
molars and to a hook on the canine lingual bracket. In the mandible, the force 
application is labial to the center of resistance of the tooth and would have the 
tendency to decrease inclination.  
Even though covariates were not statistically related to the inclination 
discrepancies, it makes sense that the use of a slot-filling wire and a longer 
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treatment time would decrease them. An inter-arch mesio-distal force, like use of 
Class II elastics, would increase the discrepancies in inclination by interfering with 
the intra-arch torque expression. Vertical elastics decreased the inclination 
discrepancy and that could be explained by the effect of pulling the tooth and 
compressing the wire into the slot and facilitating torque expression. Anterior teeth 
brackets employ a vertical insertion of the wire, and a common approach to increase 
the torque expression is the use of power-ties to compress the wire into the slot. 
Interproximal reduction was related to an increase in inclination discrepancy, even 
though this relationship was not statistically significant. After interproximal reduction 
an elastic chain is employed to close the spaces between anterior teeth. This chain 
may have a negative effect on the torque expression during the space closure 
period.  
Wiechmann et al found no statistically significant difference between planned 
lower incisor inclination and achieved lower incisor inclination in 12 patients treated 
with Incognito technique combined with Herbst appliance. The mean difference 
between planned and obtained incisor inclination was 2.2 degrees (+/- 1.0 degrees). 
Absolute comparison with the present study is not possible because the studies 
employed a slightly different registration method. In Wiechmann‘s study the common 
coordinate system was based on a horizontal plane constructed in relation to 
landmarks positioned on the middle of the crowns; while in our study a full surface to 
surfaces registration was utilized in order to combine both setup and final models in 
the same coordinate system. Nevertheless, both studies are confirming the accuracy 
in inclination with This fully customized lingual technique43.  
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Angulation discrepancies were close to zero except for second molars. Once 
again it is believed that the arch wire is not efficient in controlling second molar 
position when employed as a cantilever. When compared with the setup planned 
angulations, upper second molars were distally angulated and lower second molars 
were mesially angulated. It is important to note that these angulation characteristics 
follow the trend of normal development of the dentition and it is likely that the 
appliance effects in angulation was superimposed to the changes in angulation of 
erupting second molars in growing patients. This is especially important at the upper 
second molar root area where excessive distal root angulation could interfere with 
the development of the third molar52. Use of vertical or Class II elastics and 
interproximal reduction improved the achievement of the planned angulation, even 
though the relationship was not statistically significant. This was expected given that 
the inter-arch elastic force in the mesio-distal plane is intended to correct both 
medio-distal positioning and angulation problems in addition to the intra-arch 
correction provided by the appliances. Interproximal reduction can facilitate the 
achievement of the desired angulation by allowing the incisors and canines to rotate 
around their labio-lingual axis.  
Average discrepancies in rotation were close to zero, but were more variable 
than other rotational discrepancies. This is probably due to the difficulty of 
measuring rotation around the long axis of a tooth. Some teeth were anatomically 
round and lack morphological traits to allow for measurement of rotation around their 
long axis.  
Other considerations 
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The present study belongs to the group II type of studies given that an 
iterative-closest point registration is performed between tooth positions; and the 
obtained transformation matrix is described in terms of rotation and translation in a 
six-degrees-of-freedom rectangular coordinate system. The first limitation of this 
type of studies is that the description changes depending on the position of the 
coordinate origin, the sequence of rotations and the timing of translation39. In the 
present study the translational and rotational discrepancies were translated into 
translation and rotation parameters around the dental arches, which are easily 
interpreted by orthodontists.  
  Surface-to-surface registration: In order to combine setup and final models in 
the same coordinate system a registration process was necessary. The rationale 
behind this registration is that we wanted to investigate how close the final positions 
of the teeth were to the planned correction, regardless of their absolute position in 
space. Given that in the setup model there were no positionally stable structures - as 
the palatal rugae22 – and that the differences between both setup and final are 
relatively small, the best fit between surfaces was used. We are aware that when 
registering homologous but not identical surfaces, the final relative position depends 
on the average of the surface differences; this method has proven to be reliable, and 
the variability introduced by this method is below our measurement threshold35. 
 Computation of the transformation matrix between teeth positions: In order to 
compute the differences in tooth position a second registration is performed – this 
time between surfaces belonging to homologous teeth in different positions. Our 
models were simplified to 50.000 points per dental arch. Each tooth was represented 
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by approximately 2000 points that were used in this second registration process. 
Similar to Chen et al, the resulting transformation matrix was translated into 
translation and rotation components around a center of rotation33.  
 Positioning of center of rotation: There is no consensus on the ideal location 
of the local coordinate system for each tooth. An automated method incorporated in 
the emodel Compare Software was used. In this method the long axis of the tooth is 
computed and then a centroid is defined 10mm below the most incisal point on the 
long axis of the tooth. An automated process was chosen because our previous 
attempts to locate the coordinate system on a user-selected landmark on the tooth 
surface rendered poor reliability. For more information on the determination of local 
coordinate system and comparison of tooth position the reader is referred to the 
emodel Compare manual (Geodigm Corporation, Chanhassen, MN). Different 
positions of the center of coordinates would render different computed values in 
terms of six degrees of freedom for the same displacement. The solution to this 
problem is to express the displacements in a finite helical axis system; however the 
clinical interpretation of a rotation and translation along an axis in space is difficult38. 
Chen et al. used computed local coordinate systems based on a boxing-algorithm33. 
The main problem with this process is that it depends on the tooth segmentations – 
small changes in geometry could have a big impact on the position of the local 
coordinate system. Other studies described tooth movement based on the 
movement of a landmark or a set of landmarks on a tooth. Some authors employed 
cusp tips and incisal edges. While in theory it is reliable to locate a landmark on a 
cusp tip, its displacement only represents the displacement of that landmark, and not 
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the displacement of the whole tooth22,28,29. Studies employing landmarks averaged 
to a centroid were able to describe the translational movements of teeth but did not 
report rotational changes24,26,30.  
Tooth position accuracy: In terms of accuracy of tooth positioning, direct 
comparison of these results with other studies is not possible given the different 
criteria employed to describe the accuracy in tooth positioning. Kravitz et al, 
reported a mean accuracy of tooth movement with Invisalign technique of 41%. 
This percentage corresponds to the comparison between planned displacement 
and obtained displacement.  The main difference between studies is that the 
present one reports the discrepancy between the planned position and the obtained 
one in absolute terms, and Kravitz et al. reported the percentage of change 
obtained relative to the overall planned change34. 
   
CONCLUSIONS 
 The presented method of comparison between planned and obtained tooth 
positions is applicable to any orthodontic technique where appliances are designed 
on a setup at the beginning of treatment. Assessment of translational and rotational 
discrepancies between planned and achieved tooth positions, and the correlation of 
these finding with demographical, initial malocclusion and treatment characteristics 
will improve our understanding of tooth movement, appliance design and 
manufacturing and biological limits of orthodontic treatment. Further research 
incorporating root information from cone-beam computerized tomography will allow 
creating models to predict tooth movement. 
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 For both translation and rotation, this customized lingual technique was very 
accurate in achieving the tooth position planned in the setup. Age, type of tooth, jaw, 
initial crowding, time in slot-filling wire, use of elastics, days in treatment, 
interproximal reduction and rebonding were statistically related to the amount of 
rotational and translational discrepancy while accounting for all other covariates. 
 In the future, this method could be applied to assess tooth movement without 
radiation if rugae registration is validated as stable in the vertical dimension (figure 
6.8). Further research into three-dimensional description of tooth movement is 
necessary to reach consensus on the type of description – rectangular coordinate 
system or finite-helical axis system – and on the position of the local coordinate 
systems. 
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TABLE 6.1 
Table 6.1 Descriptive statistics for continuous variables 
 
Variable Mean S.D.  Min Max 
ANB (degrees) 3.49 2.37 -1.60 9.10 
Overjet (mm) 4.80 2.40 -4.70 11.50 
Overbite (mm) 3.58 2.23 -6.70 7.60 
Age (years) 27.70 12.51 15.51 61.64 
Days in treatment 601.44 213.33 145.00 1159.00 
Rebondings 1.78 2.10 0.00 9.00 
Crowding U arch 
(mm) 
-2.48 4.07 -9.74 12.51 
Crowding L arch 
(mm) 
-2.76 3.30 -8.85 7.90 
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TABLE 6.2 
Table 6.2 Descriptive statistics for categorical variables 
 
Variable Frequency Percent 
Gender   
F 63 67.02 
M 31 32.98 
Interproximal 
reduction 
  
0 74 78.72 
1 20 21.28 
Class_II   
0 (No C_II elastics) 38 40.43 
1 (from 1 to 120 days) 10 10.64 
2 (more than 121 days) 46 48.94 
Vertical_elastics  
0 76 80.85 
1 18 19.15 
Days_U18_2   
No Slot_filling_W 28 29.79 
1-180 days 28 29.79 
More than 181 days 38 40.43 
Days_L18_2   
No Slot_filling_W 33 35.11 
1-180 days 30 31.91 
More than 181 days 31 32.98 
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TABLE 6.3 
Table 6.3: Mean of absolute discrepancies (10%, 90% quantiles) for maxilla. 
 
Tooth 
type 
Measurement 
Mesial Facial Vertical Torque Tip Rotation 
2M 
0.74 2.01 0.73 5.80 5.12 4.01 
(-0.43, 1.34) (-3.42, -0.41) (-1.58, 0.31) (-1.51, 11.55) (-10.31, 3.72) (-7.53, 4.49) 
1M 
0.54 1.24 0.31 3.62 2.59 4.50 
(-0.68, 0.86) (-2.35, 0.12) (-0.49, 0.39) (-3.80, 7.77) (-4.20, 3.78) (-8.99, 1.90) 
2PM 
0.50 1.03 0.22 4.37 3.00 3.64 
(-0.53, 0.96) (-1.92, 0.44) (-0.33, 0.41) (-4.53, 8.93) (-5.20, 3.60) (-6.23, 4.39) 
1PM 
0.48 0.82 0.24 4.18 3.23 4.00 
(-0.29, 0.9) (-1.43, 0.21) (-0.35, 0.36) (-4.50, 7.56) (-6.23, 1.76) (-6.56, 4.73) 
C 
0.54 0.49 0.29 3.78 3.15 3.91 
(-0.13, 1.03) (-0.95, 0.29) (-0.47, 0.36) (-4.06, 7.28) (-6.14, 3.06) (-7.00, 3.12) 
LI 
0.54 0.41 0.33 3.61 2.59 3.36 
(-0.09, 1.01) (-0.68, 0.51) (-0.48, 0.57) (-3.83, 6.30) (-4.63, 2.4) (-6.39, 1.90) 
CI 
0.30 0.49 0.39 3.35 1.83 2.12 
(-0.23, 0.60) (-0.17, 1.00) (-0.27, 0.72) (-5.79, 4.90) (-3.30, 2.46) (-4.03, 2.33) 
 
TABLE 6.4 
Table 6.4: Mean of absolute discrepancies (10%, 90% quantiles) for mandible. 
 
Tooth 
type 
Measurement 
Mesial Facial Vertical Torque Tip Rotation 
2M 
0.86 0.95 0.81 7.48 5.35 3.94 
(-1.45, 0.38) (-1.77, 1.09) (-0.10, 1.73) (-14.23, 1.80) (-0.66, 9.90) (-6.19, 5.82) 
1M 
0.57 0.82 0.25 3.94 2.48 3.77 
(-0.89, 0.35) (-1.59, 0.55) (-0.23, 0.48) (-7.50, 3.58) (-1.82, 4.60) (-7.10, 2.80) 
2PM 
0.41 0.62 0.26 3.64 2.39 3.35 
(-0.75, 0.52) (-1.18, 0.51) (-0.26, 0.51) (-7.04, 4.10) (-3.00, 4.08) (-6.60, 3.40) 
1PM 
0.39 0.55 0.30 4.04 2.79 4.13 
(-0.54, 0.65) (-0.96, 0.72) (-0.34, 0.49) (-8.00, 5.50) (-4.60, 4.10) (-7.80, 3.70) 
C 
0.45 0.39 0.29 3.61 2.85 4.71 
(-0.41, 0.84) (-0.59, 0.53) (-0.38, 0.55) (-5.12, 6.30) (-4.03, 4.43) (-8.93, 1.16) 
LI 
0.44 0.41 0.35 3.70 2.76 2.90 
(-0.41, 0.84) (-0.5, 0.73) (-0.22, 0.75) (-4.83, 6.36) (-5.03, 2.96) (-5.26, 2.50) 
CI 
0.34 0.47 0.37 3.83 2.35 2.29 
(-0.46, 0.51) (-0.47, 0.87) (-0.26, 0.83) (-4.60, 7.10) (-3.26, 3.30) (-4.02, 3.10) 
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TABLE 6.5 
Table 6.5: Type III mixed effect models for each one of the six rotational and 
translational discrepancies. Level of significance was set at 0.05 and significant cells 
are depicted in yellow. 
 
Effect 
Mesio-
Distal 
Labio-
Lingual 
Vertical Inclination Angulation Rotation 
Age 0.06 0.02 0.05 0.06 0.11 0.53 
Gender 0.98 0.99 0.31 0.45 0.95 0.95 
Crowding U arch 0.02 0.39 0.24 0.85 0.00 0.02 
Crowding L arch 0.81 0.06 0.45 0.00 0.27 0.02 
Overbite 1.00 0.27 0.82 0.86 0.06 0.35 
Overjet 0.09 0.23 0.82 0.73 0.41 0.76 
ANB 1.00 0.69 0.08 0.33 0.16 0.02 
Days in treatment 0.06 0.02 0.95 0.10 0.06 0.33 
Days in U slot_filling_W 0.64 0.33 0.73 0.48 0.66 0.16 
Days in L slot_filling_W 0.26 0.98 0.65 0.74 0.02 0.04 
Class_II_Elastics 0.63 0.72 0.02 0.54 0.35 0.33 
Vertical_Elastics 0.38 0.04 0.07 0.07 0.03 0.52 
Interproximal reduction 0.01 0.25 0.61 0.12 0.15 0.98 
Rebondings 0.03 0.70 0.02 0.33 0.63 0.98 
Jaw <.0001 <.0001 <.0001 <.0001 <.0001 0.45 
Tooth_type <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 
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FIGURE 6.1 
 
Figure 6.1. Incognito is a CAD/CAM lingual orthodontics technique. Brackets are 
custom-designed on a setup digital model and wires are bent by a robot based on 
the planned position for each tooth. 
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FIGURE 6.2 
 
 
Figure 6.2. Final and setup models are cleaned by eliminating the surfaces 
corresponding to the gingival tissues (A); and are registered by an iterative closest 
point registration algorithm (B). Once registered, the difference between surfaces 
can be visualized as superimposed models or by means of color maps (C). 
Distances are in mm. 
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FIGURE 6.3 
 
 
Figure 6.3 A local coordinate system is assigned to each tooth. For each pair of 
homologous teeth at different time points, an iterative closest point is performed to 
calculate the transformation matrix between positions. In this example the upper 
right first molar was displaced 1mm mesially, the right second premolar was tipped 
mesially 10 degrees and the right central incisor was torqued (crown-facial) 10 
degrees. Rotational displacements are around a center of rotation located 10 mm 
apically to the occlusal plane on the long axis of each tooth. 
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FIGURE 6.4 
 
Figure 6.4. This patient displayed a dental Class II malocclusion and required 
extractions of her upper first premolars in order to retract her front teeth. 
Photographs are obtained before treatment (A, B) and after treatment (C, D).  
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FIGURE 6.5 
 
 
Figure 6.5. Digital models for the patient in figure 6.4 are depicted in right lateral, 
frontal, left lateral and occlusal views. These models correspond to three time points: 
initial (A and D), setup (B and E) and final (C and F). Note the change in overjet and 
arch form between initial and final time points.  
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FIGURE 6.6 
 
Figure 6.6. These digital models belong to the patient in figures 6.4 and 6.5 and 
correspond to the setup and final time points. Planned dental positions (orange) are 
superimposed to final tooth positions (blue). Note that both surfaces are similar. 
Some differences can be observed at the molar labio-lingual position. 
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FIGURE 6.7 
A. Mesio-Distal discrepancies 
 
 
B. Labio-Lingual discrepancies 
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C. Vertical discrepancies 
 
D. Inclination discrepancies. 
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E. Angulation discrepancies 
 
F. Rotation discrepancies 
 
Figure 6.7 Boxplot diagrams for each discrepancy: mesio-distal, labio-lingual, 
vertical, inclination, angulation and rotation by tooth type and jaw. 
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FIGURE 6.8 
 
 
 
 
Figure 6.8. Final (black) and initial (blue) models are registered on the palatal rugae 
(A). The planned correction or setup (black) is registered to the initial (blue) model 
through iterative-closest point to the final model (B). The planned correction or setup 
(black) is registered to the final (blue) model through iterative closest-point 
registration (C). Note the differences in expansion at the molar region and the small 
differences in incisor positions. 
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CHAPTER 7 
CONCLUSIONS 
 
Orthodontics is facing a paradigm change. Concepts based on two-
dimensional premises may not be valid anymore from a three-dimensional 
perspective. New research is being conducted to establish new diagnosis/prognosis 
classifications, to validate new procedures and techniques and to generate 
knowledge databases in three dimensions. 
Airway dimensions in orthodontic patients who have skeletal problems are 
potentially important because airway maintenance has a high physiologic priority.  
This study showed that although there is a great variability in airway shape among 
individuals the patients with a Class II jaw relationship had a statistically significant 
smaller volume of their lower airway. Further research in this area should include 
assessment of changes in airway volume and shape in relation to treatment; use of 
stable structures as registration surfaces to combine airway segmentations from 
different time points; and studies to relate the morphological findings to functional 
assessments and to a diagnosis and prognosis scheme. This technology will allow 
for inter-and intra-patient comparisons and in the future we can expect a much better 
understanding of adaptive changes in the airway shape and volume. 
At present, clinicians find themselves in a period where 3D technology 
precedes the evidence to support its use. Because of the advances in both CBCT 
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scanners and software designed to manage CBCT data, it is possible to take 
advantage of CBCT information in a clinical setting. However, clinicians should be 
careful in 2 areas: ﬁrst, most morphological information gathered with these systems 
has not been yet linked to a clear diagnosis classiﬁcation and the indications for 
CBCT acquisition have not been defined yet. Further research is needed in the 
interpretation of orthodontic information from CBCT data. Second, some available 
tools have not been validated yet, and studies to assess accuracy and precision are 
mandatory before these applications become standard. This type of research needs 
close collaboration between universities and companies. 
A comparison of landmarks position in two modalities of cephalograms: digital 
cephalogram and cone-beam generated cephalogram showed no systematic error 
between average homologous landmarks‘ coordinates in digital cephalograms and 
CBCT-generated cephalograms. In other words, when distances are measured on 
cephalograms created with different modalities the average difference is centered 
around zero. That is not the case when these distances are measured on serial 
cephalograms acquired by different modalities on the same patient. When both 
modalities are used in the same individual, which is happening now as patients who 
had standard cephalograms initially are followed over time, the error of the method 
could produce clinically significant differences. While the scientific community is 
waiting for normative data to be generated in 3D, caution should be employed when 
comparisons are made with current 2D normative databases. A method of 
calculating the amount of variability that should be added to measurements while 
comparing across modalities was presented. Further research is necessary to 
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establish consistent records gathering protocols and information sharing.  An idea 
presented in numerous meeting is the creation of a joint multi-center database 
(cross-sectional) of CBCT records. Multimodal images – where different modalities 
of records are combined in the same space – could help bridge the gap between 2D 
and 3D records. 
In order to develop a method of measuring tooth position discrepancies, 
validation studies needed to be performed. The data presented in chapter 5 showed 
that based on repeated measures of maximum surface distance between positional 
replicates, it is possible to register independently scanned models to a scanned 
surface of the models in occlusion with little or no error. Further research would be 
needed to determine the accuracy of the occlusal position in both dental casts and 
digital orthodontic models. Reliability assessment of the registration of setup models 
on the final models, by means of repeated measures of the standard deviation of the 
surface distances, showed that surface to surface registration of final orthodontic 
digital models to planned setup models is reproducible. While this type of registration 
allows for quantification of tooth position discrepancies, the absolute tooth 
displacement – between initial and final time points – is not considered. In order to 
measure tooth movements between initial and final time points, a stable structure 
within (palatal rugae) or external (cranial base) to the digital models should be used 
as registration surface. CBCT images can also be registered on known stable 
structures to validate (or refute) rugae registration to assess tooth movement.  
Finally a method to compute accuracy in post-treatment orthodontic tooth 
position was presented in chapter 6. Differences between the planned and achieved 
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tooth position were expressed in terms of six degrees of freedom. Based on a 
prospective sample of 94 patients treated with CAD/CAM lingual technique, the 
difference between the planned tooth position and the achieved tooth position was 
calculated. On average, Incognito lingual technique was extremely accurate in 
positioning the teeth within a small discrepancy of their planned positions. Most 
differences were seen in the labio-lingual position of upper molars and angulation of 
lower molars.  
 Further research is needed in order to determine the ideal description 
of tooth movement in three-dimensions, and the biological limits of tooth movement. 
The fact that a specific tooth displacement can be produced does not necessarily 
mean that it has to be produced. This method could be used for assessment of 
orthodontic treatment outcomes instead of the current methods, for instance ABO-
OGS, which are based on 2D measurements and influenced by tooth anatomy. 
Validation of other CAD/CAM orthodontic technique should be conducted and 
compared with the current one. Given that This fully customized lingual technique is 
in constant evolution, it would be interesting to compare the present study on cases 
debonded between January 2008 and January 2009 with a study on cases 
debonded between January 2010 and January 2011. 
The use of technology in orthodontics should have two main goals: shorter 
and better orthodontic treatments. Shorter treatments have the potential to decrease 
those secondary effects that are related to the length of treatment: for instance root 
resorption, white spot lesions and periodontal damage. The use of cone-beam CT 
has the potential to improve our diagnosis classification and generate more 
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knowledge on bone remodeling, tooth movement and soft-tissue adaptation. 
CAD/CAM orthodontic techniques potentially can shorten the treatment time by 
increasing the accuracy of tooth positioning and reducing the amount of corrections 
performed by the orthodontist. New materials and bracket manufacturing techniques 
have the potential to make orthodontic treatment more comfortable. Hopefully in the 
future more patients will undergo orthodontic treatment and improve their oral health 
and smile esthetics. Smile esthetics has shown to have a big impact on quality of 
life. After all, ―A smile is the shortest distance between two people‖  
  
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX A 
DETAILED STATISTICAL METHOD FOR CHAPTER 4 
 
 To estimate the bias and variability of the measurement errors obtained from 
the use of the two modalities at each landmark we employed a two-step process. 
First, at the l -th landmark, we assume that 
),()()(),()()( )2()2()1()1( lllmlllm iiiiii   where )(li  denotes the true location of 
the l -th landmark and )()1( lmi  and )(
)2( lmi  represent the measurements obtained 
from the two modalities, respectively. Assume that measurement errors )()1( li  and 
)()2( li  are independent Gaussian random vectors with mean zero and covariance 
)(l , we can estimate )(l  as follows: (1) calculate the difference vectors 
)()( )2()1( lmlm ii  for all subjects and then compute the sample covariance matrix 
)()2,1( lSi  of these difference vectors;  (2) use 2/)(
)2,1( lSi  as a consistent estimate of 
)(l . Finally, we can use Gaussian random vector with mean zero and covariance 
2/)()2,1( lSi to characterize measurement errors from both modalities.  
 
 Second, we estimated the bias and variability of the distance between any 
two landmarks obtained from the use of the two modalities.   Specifically, we 
assume that 
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where )()( 21 ll ii    denotes the true location difference between the 1l -th and 2l -th 
landmarks and where )()( 2
)(
1
)( lmlm ki
k
i   for 2,1k represent the measured location 
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difference vector obtained from the two modalities. Assume that measurement error 
difference vectors )()( 2
)1(
1
)1( ll ii    and )()( 2
)2(
1
)2( ll ii    are independent Gaussian 
random vectors with mean zero and covariance ),( 21 ll . Similar to estimating )(l , we 
can use the half of the sample covariance matrix of )()()()( 2
)2(
1
)2(
2
)1(
1
)1( lmlmlmlm iiii  , 
denoted by 2/),( 21
)2,1( llSi , to consistently estimate ),( 21 ll . Then, we can use the 
Gaussian random vector with mean zero and covariance 2/),( 21
)2,1( llSi  to 
characterize measurement errors of location difference vectors between any two 
landmarks from both modalities. Finally, we can estimate the bias and variability of 
the measurement error of the distance between any two landmarks from both 
modalities.  
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APPENDIX B 
DETAILED STATISTICAL METHOD FOR CHAPTER 6 
TABLE B.1 
 
Table B.1: Between and within subject variables 
 
Between-Subject Variables 
- Variables Levels Values 
- Age (X1) Continuous – Centered at 26.27 prior to modeling 
- Gender (X2) 
M X2=0 
F X2=1 
- Crowding 
upper (X3) 
Continous 
- Crowding 
lower (X4) 
Continous 
- Overbite (X5) Continous 
- Overjet (X6) Continous 
- ANB (X7) Continous 
- Treatment 
days (X8) 
Continuous – Centered at 601.44 and divided by 120 prior to 
modeling 
- Upper slot 
filling wire (X9, 
X10) 
No slot-finishing wire X9=X10=0 
1-180 days X9=1 
181- days X10=1 
- Lower slot 
filling wire (X11, 
X12) 
No slot-finishing wire X11=X12=0 
1-180 days X11=1 
181- days X12=1 
- Class II 
elastics (X13, 
X14) 
no elastics X13=X14=0 
2-3 months X13=1 
4- months X14=1 
- Vertical 
elastics  (X15) 
no elastics X15=0 
2- months X15=1 
- Stripping 
(X16) 
No X16=0 
L, U, UL X16=1 
- Rebonding 
(X17) 
Continous 
Within-Subject Variables 
- Jaw (X18) 
Maxilla  X18=0 
Mandible X18=1 
- Tooth type 
X19 - X24) 
CI 
X19=X20=X21=X22=X23= 
X24=X24=0 
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 2M X19=1 
1M X20=1 
2PM X21=1 
1PM X22=1 
C X23=1 
LI X24=1 
 
 From Table B.1, the equation (1) can be expressed as: 
 
 Yijkl = β0 + bi + bij + β1X1i + β2X2i + β3X3i + β4X4i + β5X5i + β6X6i + β7X7i 
+ β8X8i + β9X9i + β10X10i + β11X11i + β12X12i + β13X13i + β14X14i + 
β15X15i + β16X16i + β17X17i + β18X18ij + β19X19ijk + β20X20ijk + 
β21X21ijk + β22X22ijk + β23X23ijk + β24X24ijk + eijkl 
 
where Yijkl is the discrepancies for the lth tooth level of the kth tooth type of the jth 
jaw from the ith patient. β0 is an intercept term, bi is a random subject-specific effect, 
bij is the random effect for the jaw within a patient, and eijkl is a random error at the 
tooth level. The model assumes that bi~N(0,σs2), bij~N(0,σj2), and eijkl~N(0,σe2), 
and the thus, the total error is uijkl=bi+bij+eijkl. REML (restricted maximum 
likelihood) in Proc Mixed of SAS 9.1 was used to estimate the parameters. 
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TABLE B.2 
 
Table B.2. Interpretations for the parameters in the model 
 
Parameter Interpretation 
Intercept β0 
The expected discrepancies for the 
discrepancies with centered age and 
treatment days 
Age β1 
The difference in the expected discrepancies 
due to a 1-year increase in age 
Gender β2 
The difference in the expected discrepancies 
between females and males 
Crowding upper β3 
The difference in the expected discrepancies 
due to a 1mm increase in crowinding upper 
Crowding down β4 
The difference in the expected discrepancies 
due to a 1mm increase in crowinding down 
Overbite β5 
The difference in the expected discrepancies 
due to a 1mm increase in overbite 
Overjet β6 
The difference in the expected discrepancies 
due to a 1mm increase in overjet 
ANB β7 
The difference in the expected discrepancies 
due to a 1 degree in ANB 
Treatment days β8 
The difference in the expected discrepancies 
due to a 120 days increase in treatment 
Upper slot filling wire 
β9 
The difference in the expected discrepancies 
between 1-180 days and no slot-fininshing 
wire in upper 
β10 
The difference in the expected discrepancies 
between more than 180 days and no slot-
fininshing wire in upper 
Upper slot filling wire 
β11 
The difference in the expected discrepancies 
between 1-180 days and no slot-fininshing 
wire in lower 
β12 
The difference in the expected discrepancies 
between more than 180 days and no slot-
fininshing wire in lower 
Class II elastics 
β13 
The difference in the expected discrepancies 
between 2-3 months and no class II elastics 
β14 
The difference in the expected discrepancies 
between more than 4 months and no class II 
elastics 
Vertical elastics β15 
The difference in the expected discrepancies 
between more than 2 months and no vertical 
elastics 
Stripping β16 
The difference in the expected discrepancies 
between more than (L, U, UL) and no 
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Rebonding β17 
The difference in the expected discrepancies 
due to a 1 increase in rebonding 
Jaw β18 
The difference in the expected discrepancies 
between maxilla and mandible 
Tooth type 
β19 
The difference in the expected discrepancies 
between 2M and CI 
β20 
The difference in the expected discrepancies 
between 1M and CI 
β21 
The difference in the expected discrepancies 
between 2PM and CI 
β22 
The difference in the expected discrepancies 
between 1PM and CI 
β23 
The difference in the expected discrepancies 
between C and CI 
β24 
The difference in the expected discrepancies 
between LI and CI 
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TABLE B.3 
 
TABLE B.3 Parameter estimates and significance for all translational discrepancies. 
 
Effect Level 
Mesio-distal Labio-lingual Vertical 
Estimate p-value Estimate p-value Estimate p-value 
Intercept   0.18 0.06 0.08 0.62 0.01 0.92 
Age   0.00 0.06 0.01 0.02 0.00 0.05 
Gender 
F 0.00 0.98 0.00 0.99 0.04 0.31 
M 0.00 . 0.00 . 0.00 . 
Crowding_UP   -0.02 0.02 0.01 0.39 -0.01 0.24 
Crowding_LO   0.00 0.81 0.03 0.06 0.01 0.45 
Overbite   0.00 1.00 -0.02 0.27 0.00 0.82 
Overjet   0.02 0.09 0.02 0.23 0.00 0.82 
ANB   0.00 1.00 -0.01 0.69 0.01 0.08 
Days_in_tx1   -0.03 0.06 0.06 0.02 0.00 0.95 
Days_in_U18 
1 -0.08 0.44 0.22 0.14 0.01 0.86 
2 -0.07 0.39 0.08 0.39 0.03 0.43 
0 0.00 . 0.00 . 0.00 . 
Days_in_L18 
1 0.07 0.45 -0.01 0.97 -0.04 0.51 
2 -0.07 0.39 -0.02 0.84 -0.04 0.36 
0 0.00 . 0.00 . 0.00 . 
Class_II_Elastics 
1 0.05 0.64 -0.12 0.46 0.13 0.02 
2 -0.05 0.48 -0.05 0.63 -0.07 0.08 
0 0.00 . 0.00 . 0.00 . 
Vertical_elastics 
1 -0.07 0.38 0.22 0.04 0.09 0.07 
0 0.00 . 0.00 . 0.00 . 
IPR 
1 -0.19 0.01 -0.12 0.25 -0.02 0.61 
0 0.00 . 0.00 . 0.00 . 
Re_bondings   0.03 0.03 0.01 0.70 0.02 0.02 
jaw 
md -0.37 <.0001 0.49 <.0001 0.27 <.0001 
mx 0.00 . 0.00 . 0.00 . 
Tooth_type 
1M -0.14 0.03 -1.15 <.0001 -0.23 <.0001 
1PM 0.14 0.00 -0.62 <.0001 -0.18 <.0001 
2M -0.15 0.03 -1.41 <.0001 -0.14 0.04 
2PM -0.02 0.56 -0.87 <.0001 -0.16 <.0001 
C 0.27 <.0001 -0.49 <.0001 -0.22 <.0001 
LI 0.25 <.0001 -0.27 <.0001 -0.10 <.0001 
CI 0.00 . 0.00 . 0.00 . 
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TABLE B.4 
 
TABLE B.4 Parameter estimates and significance for all rotational discrepancies. 
 
Effect Level 
Inclination Angulation Rotation 
Estimate p-value Estimate p-value Estimate p-value 
Intercept   1.35 0.25 -0.42 0.38 -0.30 0.62 
Age   -0.04 0.06 0.02 0.11 -0.01 0.53 
Gender 
F 0.42 0.45 -0.02 0.95 0.02 0.95 
M 0.00 . 0.00 . 0.00 . 
Crowding_UP   0.01 0.85 0.11 0.00 0.12 0.02 
Crowding_LO   -0.40 0.00 -0.06 0.27 -0.13 0.02 
Overbite   -0.02 0.86 -0.08 0.06 -0.05 0.35 
Overjet   -0.04 0.73 -0.04 0.41 0.02 0.76 
ANB   -0.11 0.33 0.07 0.16 -0.13 0.02 
Days_in_tx1   -0.25 0.10 0.13 0.06 0.10 0.33 
Days_in_U18 
1 -1.14 0.24 0.22 0.53 -0.39 0.52 
2 -0.57 0.40 -0.08 0.76 -0.78 0.06 
0 0.00 . 0.00 . 0.00 . 
Days_in_L18 
1 -0.68 0.50 -0.17 0.66 0.48 0.40 
2 -0.03 0.96 0.47 0.12 1.01 0.02 
0 0.00 . 0.00 . 0.00 . 
Class_II_Elastics 
1 0.97 0.28 -0.47 0.19 -0.12 0.76 
2 0.34 0.54 -0.24 0.37 0.31 0.31 
0 0.00 . 0.00 . 0.00 . 
Vertical_elastics 
1 -1.06 0.07 -0.71 0.03 0.25 0.52 
0 0.00 . 0.00 . 0.00 . 
IPR 
1 1.03 0.12 -0.36 0.15 0.01 0.98 
0 0.00 . 0.00 . 0.00 . 
Re_bondings   0.13 0.33 -0.03 0.63 0.00 0.98 
jaw 
md -2.93 <.0001 2.01 <.0001 0.14 0.45 
mx 0.00 . 0.00 . 0.00 . 
Tooth_type 
1M -0.50 0.12 0.55 0.05 -2.36 <.0001 
1PM 0.21 0.52 -1.12 <.0001 -1.35 <.0001 
2M -1.19 0.00 0.93 0.02 -0.33 0.45 
2PM 0.01 0.97 -0.26 0.34 -0.45 0.15 
C 0.54 0.04 -0.87 0.00 -2.61 <.0001 
LI 0.61 0.00 -0.89 <.0001 -1.64 <.0001 
CI 0.00 . 0.00 . 0.00 . 
 
 
